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Foreword

New materials determine progress

Dear Reader,

Prehistory is divided into the Stone, Bronze and Iron Ages.
With each new material, the human race took an important
step forwardinits development. Today, we are concerned with
designing and analysing advanced materials with new func-
tionalities, forapplicationinfields as diverse as communica-
tions and energy technology, transportation, construction
and medicine. Using the most advanced super-microscopes
conceived andrealized atthe PaulScherrerInstitute, research-
ers are studying the static and dynamic structures of such
materialsinthe finestdetail, in orderto thereby establish the
foundation of tomorrow’s technologies. Of particulartopical
interest are research projects on materials for application in
the field of energy, for example for improving batteries for
future electrically powered vehicles. The goal here is to in-
creasetherange ofthevehiclesandthe lifetime ofthe batter-
ies,and materials for such batteries are being developed and
tested at PSI, togetherwith industrial partners. The realization
of commercial products, however, will be left to industry.
Another example is in the field of catalysers. Environmen-
tally harmful compounds, such as nitrogen oxide and sulphur
dioxide produced in an engine, are transformed into non-
toxic gases through catalytic conversion. Catalytic converters
are, unfortunately, expensive, since they contain precious
metals, such as platinum. Research at PSlaims at discovering
cheaperand more efficient alternatives. Needless to say, our
localindustry will directly benefit from such developments.
The examples mentioned above from materials research serve
to improve existing products. The technologies are near to
marketable products, even if it will take a few more years
before a customerbenefits from the research. In otherresearch
projects, scientists are further away from a concrete product
and are investigating the fundamental properties of new

materials. Forexample, high-temperature superconductivity
has been known since 1986, but the mechanism causingitis
stilldebated. Thus, animportant prerequisite is missing, with
which even more efficient superconductors could be sought
after. The time span between fundamental discoveries and
commercial products can be ratherlong. Forinstance, physi-
cists discovered electron spin at the beginning of the 20t
century. Today, almost a century later, this property is being
usedintheread/write heads ofhard discs. Scientists are now
toying with the idea of also using electron spin for data pro-
cessing in computers. Chips based on spintronics would be
faster and energy saving. Last but not least, research is un-
derway to find new magnetic materials and new magnetic
nanostructures for hard discs, on which data can be more
densely stored and more rapidly retrieved. In a different con-
text, nanostructures are now being produced to develop new
imaging techniques for less invasive and more accurate
medical diagnosis. The few examples given above illustrate
that our scientists at PSl are carrying out research on a vast
variety of materials, in order to generate knowledge today
from which our society can broadly benefit tomorrow.

LA

Professor Dr. Joél Mesot
Director, Paul Scherrer Institute







SwissFEL

8 SwissFEL—machine
project and science

An important political milestone for the realization of the SwissFEL
facility was reached on 23 August 2011, when the Parliament of the
Canton of Aargau voted in favour of the SwissFEL building site. The
legally valid building permitis expected by the end of July 2012.

On 9 December 2011, PSl and Max Daetwyler AG signed a contract of
cooperation on the construction and development of undulator
components forthe SwissFEL. This is a great technical challenge, as
extreme mechanical precisionis required overlongdistances, inthe
presence of extremely strong mechanical forces. Thanks to Swiss
governmental measures to mitigate the strong Swiss Franc, prelimi-
nary construction of these components has been possible, which
has enabled the SwissFEL project to be speeded up.

Two partnershipswhere signed in November2011: The firstis a Swiss-
Swedish Partnership, between PSI, EPFLand three Swedish research
institutions, which covers technology development for the next
generation of free-electron lasers and collaboration in photon and
neutron science. The second, a Memorandum of Understanding
between PSI-SwissFEL and the British Science and Technology Fa-
cilities Council, will establish a collaborative research effortto enable
the exploitation and expansion of the scientific capabilities of the
SwissFEL project at PSI.

The collection of user input for the design of the initial set of instru-
ments atthe SwissFEL hard X-ray ARAMIS beamline was started in 2011
with two Workshops on Hard X-Ray Instrumentation with the SwissFEL.
The first concentrated on spectroscopic experiments, the second on

scatteringand diffraction experiments. The next step in the instrument

<4 At PSI's Open Day in September,
shooting at an apple was
used to explain how fast

processes will be observed by EU Framework Programme with the involvement of PSI-SwissFEL:

the SwissFEL free-electron laser. CRISP and PaNData ODI (http://www.psi.ch/swissfel/).

design process will be four focused Workshops, to be held at PSI.
On the European level, two new projects have started underthe 7th
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SwissFEL machine project

Hans Braun, Romain Ganter, Christoph Hauri and Marco Pedrozzi,
SwissFEL Project, PSI

Major progress was made in SwissFEL R&D during 2011. A first, prototype C-Band accelerating cavity for the
SwissFEL main linear accelerator was machined with micron precision in the PSI workshops. High-power testing
of this cavity achieved afield strength well above that nominally required. For this test, a new high-power RF test
bench was set up at PSI, featuring the first high-power C-band transmitter in operation outside Japan. In the
SwissFEL Injector Test Facility, the bunch compressorwas installed and commissioned, as was the RF deflecting
cavity for bunch-length and slice emittance measurements. The technically very challenging design of the sup-
port frame for the undulator of the ARAMIS beamline was completed and production of a prototype was started
by industry. A new technique for the conversion of laser light into Terahertz radiation has provided record radia-

tion field strength for future SwissFEL pump-probe experiments.

Breakthrough for SwissFEL main Linac C-band
accelerating systems

One focus of SwissFEL R&D activities at PSl is on radio fre-
quency (RF) systems for the main linear accelerator. On top
of stringent technical requirements, overall system cost and
electrical power consumption of these systems is critical. A
large fraction of the overall SwissFEL cost, and more than half
of SwissFEL’s power consumption, is related to these RF sys-
tems, which use C-band technology operating at 5.72 GHz.
This technology was pioneered by our colleagues at the KEK
and SPring-8 laboratoriesin)apan. ForSwissFEL, this technol-
ogyisbeingfurtherrefined and adapted to satisfy SwissFEL’s
specific needs. The technical concept and parameters for
these systemswere defined inthe previousyearand reported
on in the PSI Scientific Report 2010.

During 2011, C-band hardware development moved into full
swing, in a common effort by the RF Group in PSI’s Large Re-
search Facilities Department (GFA) and the workshops oper-
ated by the Mechanical Engineering Sciences Division (AMI)
within PSI’s Logistics Department (LOG). A first accelerating
cavitywas machined and vacuum brazed in the AMIworkshops
(Figure1). Low-level RFmeasurements of this cavity confirmed
the achievement of an impressive mechanical precision of
the orderof micrometres. The prototype cavity is shorterthan
the nominal 2m structures, because of the length limit im-
posed by the present PSI vacuum-brazing furnace.

A new furnace for nominal-length cavities has been ordered
and will be delivered to PSlin summer 2012.

Figure 1: Careful inspection of the first C-band structure after
brazing.

A new high-power RF test-stand was set up in PSI’s OBLA
buildingfortesting C-band prototypes at nominal field strength
level, and beyond. This is the first high-power C-band source
in operation outside Japan. The prototype cavity has been
power processed without problems, to an accelerating field
of 35MV/m foran input power of 45MW. This is well above the
maximum accelerating field of 30MV/m required for SwissFEL.
This shows that the cavity surface quality and production
cleanliness are appropriate for SwissFEL purposes.

Parallel to hardware development, a study along with indus-
trywas launched and completed, establishing the production
concept for the series of 104 C-band cavities required for
SwissFEL.
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Figure 2: Bunch compressor section installed in the tunnel of the SwissFEL Injector Test Facility.

SwissFEL injector — bunch compressor and
deflecting cavity

Duringthe summerof2011, the 12-metre-long bunch compres-
sor was installed in the SwissFEL Injector Test Facility
(Figure 2). The bunch compressor is based on a 4-dipole
magnetic chicane in which the electron bunches are longitu-
dinally compressed, typically by a factor10. The compression
must be appliedin a controlled way, to avoid deterioration of
beam quality. To explore different compression regimes and
selectthe best operational settings for SwissFEL, a sophisti-
cated mechanical design allows the bending angle of the
chicane to be modified between 0 and 5°, with a positional
reproducibility of 1pm. Along the dispersive arms of the chi-
cane, two BPS stations allow direct measurement of the
electron beam energy, and a screen placed between the
central dipoles is used to visualize the beam. The basic me-
chanical and magnetic functionality of the compressor were
successfullytested with the beam on. The diagnostic compo-
nents associated with this assembly, and providing non-
destructive monitoring of the longitudinal parameters of the
beam, will be implemented in successive shut-downs in
February 2012. A second, important diagnostic tool commis-

sionedin 2011[1]is the RF deflecting cavity. This allows direct
visualization of the longitudinal profile of the electron bunch,
projected onto a screen monitor intercepting the transver-

Full Width Half Max.
FWHM,=10.00 mm

2 0 -2
horizontal (mm)

Figure 3: Intensity projection of the longitudinal profile of the 10 ps
bunch. The vertical scale corresponds to time (0.985 ps/mm).
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Figure 4: Electron-bunch longitudinal phase space (200 pC; 3 kA)
when entering the undulator line Aramis (courtesy of B.
Beutner).

sally deflected bunch (Figure 3). This tool is essential for
controlled adjustment of bunch compressor parameters and
foranalyzing the slice properties of the electron beam.

Status of the undulators and transfer line

After 400 m of acceleration and careful compression, the
electron bunch (Figure 4) enters the undulatorline, where the
FEL process effectively takes place. The electron bunch follows
asinusoidaltrajectoryinthe undulator segments andradiates
light as it propagates through the undulator. The co-propa-
gating radiation field in turn induces micro-bunching by
slowing down some electrons and accelerating others. This
leadstothe enhancement ofthe radiation field (FEL process),
because the micro-bunches emit coherently.

In order to have an effective FEL process, the electron bunch
must preserve the transverse overlap with the radiation field
and remain in phase with this field. This means that the elec-
tron trajectory should oscillate around a straight line of about
10 % ofthe beam size (i.e. 1um) overthe entire 60 m of undu-
latorline. In addition, the magnetic field amplitude along the
265 magnetperiodsin each ofthe12 undulator segments must
be shimmed within 10~* of the peak field, which corresponds
to a mechanical adjustment of the pole gap on a sub-micron
level. Finally, to allow control of the radiated wavelength, and
also to compensate for electron energy losses during the FEL
process, the overall gap of a module must be controlled with
a precision of less than one micrometre.

All these technological challenges will be achieved with the
new SwissFEL undulator design (Figure 5). The mechanical
supportwhich provides this precision willbe produced by the

Figure 6: Quadrupole magnets of the undulator line
(courtesy of S. Sidorov).

Figure 7: SwissFEL beam dump (7 GeV; 560 W)
(courtesy of R. Fulginiti).
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Figure 8: Terahertz generation with organic non-linear crystals.

company MDC Max Daetwyler AG (Bleienbach). In parallel to
theundulatorsegments, the design of beamline components
has been launched or completed. For example, the first pro-
totypes of the focusing quadrupole magnets are expected in
2012 (Figure 6).

The beam dump shielding, which will absorb all the 5.8 GeV
electrons generated by SwissFEL, has also been simulated
and designed (Figure 7).

SwissFEL Terahertz Source

Substantial progress was achieved in the development of a
powerful Terahertz (THz) laser. A novel generation scheme
has successfully been pioneered at PSI, which is based on
organic nonlinear crystals [2, 3] (Figure 8). When used in
combination with a strong near-infrared laser, these organic
crystals transfer energy from the fundamental laser into the
THz frequency regime, and intense electro-magnetic single-
cycle pulses in the Terahertz frequency regime have been
demonstrated (Figure 9). These low-frequency fields have a
field strength exceeding 1MV/cm, whichis one ofthe highest
values reached by laser-based THz sources. The availability
of such strong Terahertzradiation opens up new opportunities,
both for scientific applications as well as for the advanced
photon diagnostic tools required for SwissFEL. With the help
ofthese THz pulses, the femtosecond X-ray FEL pulses will be
characterized shot-by-shotand will provide information about
the X-ray temporal pulse shape and pulse arrival time to the
users. These twovariables are most relevant forexperiments
in which ultrafast dynamics are being explored.
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Figure 9: Example of a single-cycle THz pulse.

References:

[11 M. Pedrozzi et al, Proceedings of FEL2011, Shanghai,
China, (2011).

[2] C.P.Haurietal., App. Phys. Lett. 99 161116 (2011).

[3] C.Ruchertetal., Opt. Lett. 37 5 (2011).
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Science with SwissFEL

Bruce Patterson, Bill Pedrini, Rafael Abela, Luc Patthey and Mirjam van Daalen, SwissFEL Project, PSI

Planning of the initial set of experimental stations at the SwissFEL is underway, in close collaboration with the

growing user communities. A particularly elegant technique for the structural determination of macromolecules

in solution is Cross-Correlation Scattering, and a theoretical framework for this method is being developed and

experimentally verified, using artificial nanostructures and synchrotron radiation.

Phase-| Science Facilities at SwissFEL

The first coherent photons from SwissFEL, in the hard X-ray
range (2-12 keV), will arrive in the Spring of 2017. At this time,
commissioning and pilot experiments will begin at “Phase-I”
experimental stations, operated sequentially. These stations
are now being defined, based on the SwissFEL Science Case
[1] and on discussions with the future users. Regarding the
latter, two Workshops on “Hard X-ray Instrumentation at the
SwissFEL” were organized at the University of Bern on 12 Sep-
temberand 21 November2011and were attended by a total of
120 participants; the result is a booklet [2] containing 35
poster presentations. A series of follow-up, station-specific
Workshops [3] has also been scheduled for the first half of
2012.The present state of planning forthree Phase-I, hard X-ray,
experimental stations — ES-A, ES-B and ES-C—is presented in
thefollowing. The placement ofthese stationsinthe three hard
X-ray experimental SwissFEL hutches is under discussion.

ES-A: General-Purpose Pump-Probe

Station ES-Aisforeseento coverthe generalthemes: liquid-jet
serialnanocrystallography, time-resolved chemical spectros-
copy and time-resolved scattering on molecules in solution.
The design of this station is similar to the “CAMP” chamber
[4] atthe LCLS in Stanford.

In liquid-jet serial nanocrystallography (see Figure 1), sub-
micrometre crystals, generally proteins, are carried into the
evacuated measurementchamberbya micrometre-sized jet of
liquid, travelling at a typical velocity of 15 m/s [5]. With a con-
centration of 10" crystals/ml, an unsynchronized, focused XFEL
pulsewillhita crystalwith a probability of several percent. This
hit rate could be increased by synchronizing the jet and the
XFEL, and the SwissFEL team is investigating the possibility of
detectingindividualincoming crystals and adjusting the timing
of the subsequent SwissFEL pulse by +5 s to guarantee a hit.

Liquid et g = AT
W%T

C

Rear pnCCD
{z = 564 mm)

Front pnCCD
[z = 68 mm)

Interaction
point

Figure 1: The liquid-jet serial nanocrystallography setup which is
in use at the LCLS XFEL in Stanford [5].

Photoionization by an XFEL pulse, which carries 0.5 mJ of
energy, will destroy the nanocrystalvia “Coulomb explosion”
[6], but, for XFEL pulses shorter than 50 fs, the inertia of the
exploding crystal allows unperturbed scattering data to be
collected (“diffract-and-destroy”) [7].

An additional possibility is to photo-excite the incoming na-
nocrystal, e.g. with a sub-ps 800 nm laser pump pulse, and,
byvaryingthe pump-probe delay, to build up adynamic time-
sequence of molecular structures.

Time-resolved spectroscopic chemical studies [8] willalso be
made possible at ES-A. By the inclusion of a downstream
spectrometer [9] it will, for example, be possible to perform
single-shot X-ray near-edge spectroscopy (XANES) experi-
ments as a function of the pump-probe delay. The SwissFEL
machine design will include a special “broadband” mode of
operation, with an FWHM bandwidth of up to 4%.

Finally, the same 2D detectors used for nanocrystallography
will allow cross-correlation scattering from moleculesin solu-
tion (see nextSection) to be performed, alsoina pump-probe
scheme. The short XFEL pulses will effectively freeze the
molecular motion during each exposure.
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Figure 2: The Berkeley pump-probe crystallography chamber
which is in use at the LCLS [10].

ES-B: Pump-Probe Crystallography

Forperforming pump-probe crystallographic studies of large,
inorganic samples, station ES-B will be equipped with tilt
stagestovary the crystaland 2D-detector orientations. Cool-
ingofthe sample with liquid helium will be provided. In order
to avoid excessive sample damage, either a strongly attenu-
ated XFEL beam must be used, or the beam must be moved
between shotstoafresh spotonthe sample. A possible design
for ES-B is that of the Berkeley chamber [10] at the LCLS (see
Figure 2).

ES-C: Cryogenic Coherent Diffraction

Station ES-C will make use of the high transverse coherence
of the SwissFEL pulses to determine the molecular structure
offixed 3D and 2D biocrystals and to image biological tissues
at high resolution. This approach, similar to that used in
transmission electron microscopy, will be to attach the small
samples, perhaps in a regular array, to thin, low-scattering
substrates. Cooling to liquid nitrogen temperature will stabi-

TEM cryo holder with
20 membrane crystals

Figure 3: Conceptual design of a coherent diffraction study of
2D-membrane protein crystals, mounted on a cryo-cooled TEM
sample holder [13].

lize the samplein vacuum and reduce the effects ofaccumu-
lated radiation damage.

Crystallography at ES-Cwill make much more efficient use of
scarce bio-material than the liquid-jet approach. It will also
be possible at this station to investigate 2D membrane protein
crystals (see Figure 3), perhaps taking optimal advantage of
the XFEL coherence by usingthe “ptychography” method [11].
Single-shot “lensless-imaging” exposures [12] of non-crys-
talline bio-samples should yield a sub-10-nm, resolution,
which is competitive with transmission electron microscopy
(TEM).

X-ray Cross-Correlation-based 2D structure
determination

The cross-correlation method proposed by Kam in 1977 [14]
allows 3D structural information of a particle to be assessed
by accumulating data extracted from a large set of (noisy)
scattering images on single- or multi-particle random con-
figurations. The procedure has been the subject of renewed
interest with the advent of X-ray Free-Electron Lasers, which
may provide the required photon flux. We performed an
analogous 2D pilot experiment, simplified to be feasible ata
synchrotron source.

In Coherent X-ray Diffraction Imaging (CDI), the 2D electron
density of an object can be reconstructed from its scattering
image with a phasing algorithm, provided that the image in
reciprocal space is sufficiently oversampled and that a suf-
ficientsignal-to-noiseratioisachieved. The cross-correlation
method can be applied if such conditions cannot be met,
which typically happens when only low-signal random multi-
particle scattering images can be acquired. The key point is
the accumulation of data from different images to evaluate
the cross-correlations. In 2D, the scattering pattern of a single
particle is then unambiguously determined. Here, we report
on the practical application of the procedure, which culmi-
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nated in the reconstruction of the 2D electron density of a
350 nm gold nanoparticle exhibiting 4-fold symmetry (see [15]
fora similar study).

Methods
The sample for the experiment, prepared at PSI-LMN, con-
sisted ofa SisN, membrane covered by nominallyidentical 2D
gold nanostructures in random position and orientation, as
shown in Figure 4. The X-ray data were acquired at the SLS
cSAXSbeamline.The membranewas scanned, sothatalarge
numberofdifferentnanoparticle random configurations were
illuminated by the X-raybeam and the corresponding scatter-
ing images acquired, thus simulating snapshots of a “2D
liquid”.
Let Io(g,p) be the scattering intensity in the a-th image, ex-
pressed in polar coordinates (g,¢) around the image centre,
and let lo(g) be the @-Fourier components. The first-order
cross-correlation, whichisequivalentto the particle’s powder
pattern, was then calculated as
CN(@) =<la0(q)>a,
where <...>q denotes the average over all the images. The
second-order cross-correlation was computed following the
formula [14]
CP(g1,G2) = <Ja k(@) lak(G2)* %
for k#0. A similar definition holds for the third-order cross-
correlation.
The single-particle scattering pattern S(q,®) in 2D reciprocal
space, was fixed through its @-Fourier components s(q),
derived from the cross-correlatoridentities
CP(g) =N so(q)
and
C@(g1,g2) = N sk(g1) sk(g2)*
(again, a similar identity holds for the third order). N is the
average number ofilluminated particles, which turned out to
be N~20.The 2D electron density pwas finally recovered using
S as input for a phasing algorithm, implementing |p|>=S,
within a compact support constraint.

Figure 4. Small portion of the membrane carrying the gold
nanostructures. The red rectangle corresponds to the

X-ray beam irradiation area. The inset shows an individual
nanoparticle.

Results

Figure 5a displays an example of a single diffraction image,
which shows the weak ¢-fluctuations in the intensity /,(q,®)
that contribute to the second- and third-order cross-correla-
tions. Figure 5b presents the calculated single-particle scat-
tering pattern S(g,9), and Figure 5c presents the recovered
2D electron density. The horizontal and vertical sections in-
dicate a resolution of approximately 20 nm.

Discussion

Ourresults representfirst convincing proof ofthe principle of
2D structure determination based on the cross-correlation
method, whereby the crucial features for its successful ap-
plication are hidden in the technicalities of solving unam-
biguously the cross-correlation identities to extract the sx(q)
coefficients. The upcoming challenge is to execute the ex-
perimentin 3D, which is accompanied by practical and com-
putational complications. Extension to particles in solution
will, in addition, require a sufficient number of scattered
photonswithin the rotational correlation time of the particles,
which makesitlogicalto choosethe FELasthe X-rayradiation
source.
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Figure 5: (a) Example of a multi-particle scattering image. (b)
Single-particle scattering pattern S(q,9), reconstructed using the
cross-correlation method from 3751 multi-particle scattering
images, acquired at different positions of the membrane. (c) 2D
charge density p, obtained by applying a phasing algorithm to
the data of (b).
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The following articles briefly describe a large variety of topics inves-
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tigated at PSlin 2011, including the results of fundamental research

44 Biomolecular research and the development or improvement of cutting-edge technology.
48 Radiopharmacy Most results were obtained at one or more large-scale facilities — at
. PSI or elsewhere. In biology and medicine, for example, neutrons
52 Large research facilities . .
were used to examine how plants store water around their roots as
54 Proton therapy well as how vesicles containing drugs can be made to release their
58 General energy charge at a well-defined location, while synchrotron light was used
todeterminein detailthe chemical processestaking place when light
68 CCEM

70 Nuclear energy and safety

82 Environment and
energy systems analysis

<4 Ahmad Moradi, a PSl user from
the University of California
in Davis, in front of the Climate
Chamber in the experimental hall
at SINQ. Plants are raised here
under natural conditions before
being investigated with neutron
tomography (see page 30 for
details).

entersthe eye. In materials science, experiments with muons showed
that some materials completely change their magnetic properties
according to how many crystal layers they are composed of, and
synchrotron light helped to improve our understanding of the pro-
cesses leading to the deactivation of a nickel catalyst in fuel cells.
Theresults of experiments at PSland at CERN are putting significant
constraints on new models and theories of particle physics. Experi-
ments at CERN with PSl as a partnerimproved our understanding of
processes leading to the creation of aerosols in the atmosphere,
which is partly triggered by cosmic rays. At the solar tower of the
Plataforma Solar de Almeria in Spain, PSI scientists successfully
demonstrated a process using solarenergy to convert organic waste
into high-quality synthetic gas — a precursor for fuel production. In
thefield of nuclear power, experiments on hydrogen stratification at
PSI’s thermal hydraulics facility PANDA made a significant contribu-
tion for validating the computational tools used for assessing nu-
clear power plant safety. Finally, an example from technological
developmentisthe creation of Fresnellenses that canfocusradiation
produced by an X-ray free-electron laser without being damaged.
Suchlensesare essential formany planned experiments at SwissFEL.
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10 Years of science at the SLS

Johannes Friso van der Veen,

Synchrotron Radiation and Nanotechnology Department (SYN), PSI, and Department of Physics, ETH Zurich

The average lifespan of synchrotron facilities being twenty-five to thirty years, it might be argued that the Swiss

Light Source, after its first ten years of operation, has become middle-aged. Nonetheless, the SLS still shows

the character traits of a youngster, thanks to some unique properties of its storage ring and beamlines.

During the first ten years of its existence, the SLS has gener-
ated numerous breakthroughs across the natural sciences.
Although the SLS has fewer beamlines (18) than most other
medium-energy synchrotron sources, its science has remained
highly competitive, thanks to a well-trained and motivated
staff, continuous upgrades ofthe beamlines and the extraor-
dinary stability and reliability of the source.

In structural biology, three beamlines have produced, over
theyears, numerous highlights, including Nobel Prize-winning
work on ribosome complexes (V. Ramakrishnan, Nobel Prize
in Chemistry 2009). Recently, a facility for combined crystal-
lisation and X-ray diffraction screening of protein crystals has
been added tothe beamline X06DA (collaboration with PSI’s
Department Biology and Chemistry). To better serve the users,

Figure 1: PSI scientist Gerhard Ingold at the FEMTO beamline at the SLS. Here, experiments with very short pulses are performed -
partly as a preparation for investigations at the LCLS and SwissFEL X-ray lasers. (Photo: Scanderbeg Sauer Photography)
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a remote access mode is being developed, while on-site in-

dustrial services are being provided by both staff and the
spin-off company Expose. The beamline X06S is being up-
graded to feature a microfocus for protein crystallography.

The SLS facilities for X-ray imaging and tomography have re-
ceived a sharply increasing number of users. The TOMCAT
beamline features a robotized platform for high-throughput
tomographyand specializesin ultrafasttomographicimaging.
Various imaging modes are available, where one of them —
differential phase contrast (DPC) — has been adapted to serve
in the future in a contrast mode in hospital-based mammog-
raphy. An article on this promising clinical application is
given lateron in this report — pp. 20-21.

Materials science and condensed matter physics are covered
by several beamlines. The oldest one, the Materials Science
beamline X04SA, has been upgraded, with an undulator
source replacing the wiggler and with improved optics (this
report, pp. 24—25). The new station for soft X-ray angle-re-
solved photoemission at the ADRESS beamline XO3MA pro-
duced in 2011 some amazing 3D Fermi surfaces. This station
shares beamtime with the RIXS spectrometer, which continues
to produce fascinating spectra showing momentum-depend-
entspinand orbital excitationsin correlated electron systems.
High-quality dichroic spectra on magnetic systems have been
reported by X-Treme at beamline X07MA, and the beamline
PEARL (X03DA) has received its first light. Scientific highlights
atthe beamline forInterface and Surface Microscopy (X11MA)
includethe observation of ‘magnetic monopoles’ on nanopat-
terned ‘Kagome’ lattices [1].

The chemistry programme of the Laboratory for Catalysis and
Sustainable Chemistry (LSK), operated jointly with the Gen-
eral Energy Department (ENE) at PSI, is gaining momentum
with in-situ studies of catalysts and with VUV photoionisation

Figure 2: PSl scientist Jacinto Sa at the
MicroXAS beamline at the SLS.

Novel catalytic materials are one of the
topics investigated here.

(Photo: Scanderbeg Sauer Photography)

studies of gas-phase molecules. Progress has been made on
the developmentofahard X-ray nanoprobe forchemicalimag-
ing (this report, pp. 26-27).

Inthisreport, youwillalso find contributions on technologies
enabling our photon science applications. Internationally
acclaimed are our development programmes in the X-ray
pixel detector area and in diffractive X-ray optics. Another
technology is lithographic nanofabrication in polymers in a
joint venture with the University of Applied Sciences North-
western Switzerland in Windisch (thisreport, pp. 42-43).The
spin-off companies Dectris (Baden) and Eulitha (Windisch)
have successfully broughtthese technologies onthe market.

The SLS also serves as a breeding ground for innovative sci-
ence at our future X-ray free-electron laser, SwissFEL. Our
scientific staff are regular users of the laser facility LCLS (at
Stanford, California) and its high-brilliance X-ray pulses have
been used for time-dependent investigations of the forces
driving particular phase transitions in correlated electron
systems (this report, pp. 22-23). Otheractivities include the
development of optics for focusing (this report, pp. 40-41)
and measuring the wavefronts of coherent X-ray pulses, and
the design of undulators and X-ray optics for SwissFEL. R&D
isalsobeing pursuedonfield-emission arrays forthe produc-
tion of low-emittance electron beams for XFELs.

The next ten years of photon science at PSI will offer unique
opportunities for multidisciplinary science at both SLS and
SwissFEL. Forgoing from one facility to the other, one only has
to cross one bridge!

References
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Phase-contrast enhanced mammaography:
A new diagnostic tool for breast imaging
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Breast cancer is the most common cancer among women and the second leading cause of cancer deaths in the
world. By investigating native, non-fixed, whole-breast samples with a grating interferometer operated with a
conventional X-ray source, we aim to show the clinical relevance of phase-contrast X-ray imaging, a technique
that can potentially revolutionize the field of medical imaging. This novel approach can simultaneously record
differential phase and small-angle scattering signals of the specimen, as well as the conventional absorption
signal. First results from a few patient cases demonstrate that the complementary information obtained improves
the diagnostic process for breast cancer and is able to answer clinically relevant, unresolved questions about
cancer-invaded regions within healthy tissue, such as distinguishing between (pre-) malignant tissue and post-
operative scars.

Breast canceris the most common cancerin women and the
second leading cause of cancer deaths. International stand-
ardsfordiagnostics and treatmentare not stringently followed
and it is estimated that 35% of all breast cancer deaths in
Europe could be avoided if optimal diagnostic and therapeu-
tic procedures were always applied. During the past fewyears,
phase-contrast and scattering-based (dark-field) X-ray imag-
ing have shown their potential for revolutionizing the radio-

logicalapproachto breastimaging, becausethesetechniques
can detect subtle differences in the electron density of a ¥ - Field of View: 5x5 cm

material and measure the small-angle scattering power gen-

- Source to G1 distance: 140 cm

erated by the microscopic density fluctuationsinthe specimen - 1. Breast Holder: 20x30 cm

[1-5]. However, studies on the application of such techniques

using human specimens have been limited to eitherformalin-  Figure 1: The mammoDPC demonstrator located at the Paul
Scherrer Institute. This system consists of a Seifert X-ray tube
operated at 40 kVp and 25 mA, a Hamamatsu Flat Panel CMOS
detector and a three-grating interferometer. Breast tissue up

to 20X30 cm can be imaged according to a stitching protocol.

fixed biopsy samples [6, 7] or synchrotron-based approaches
[8,9].

In our work — and for the first time ever — we investigated
native, non-fixed whole breast samples with a conventional
X-ray source and a Talbot-Lau grating interferometer [10],

which can simultaneously record absorption, differential
phase and small-angle scattering signals. The demonstrator
(see Figure 1), named mammoDPC and designed and con-
structed at the Paul Scherrer Institute, has been operated
according to an imaging protocol as similar as possible to

in-vivo situations, to explore the clinical potential of this
noveltechnique as faras possible. In collaboration with the
Kantonsspital Baden —the largesthospitalinthe eastern part
of the Swiss canton of Aargau — native breast tissue was
obtained directly after mastectomy and mounted into a
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Figure 2: In vivo mammography (a) showed low-tissue density
and a suspicious node that included microcalcifications. It
indicated only indirect signs that the tumour infiltrated the skin.
Ex vivo mammography (b) of the mastectomy sample did not
indicate any skin infiltration. Results of mammoDPC coded into a
colour image (c) revealed that it was highly likely that the
tumour invasion continued into the skin.

dedicated, cooled breast-tissue holder designed to provide
adequate compression of the tissue compared with the in-
vivo situation. Ex-vivo mammograms and mammoDPCimag-
ing were then performed at the hospital and at the Paul
ScherrerInstitute, respectively. Standard histopathological
examination followed the mammoDPCacquisition. Allresults
(MRI, ultrasound, in-vivo and ex-vivo mammograms, and
mammoDPC) were then discussed in regularly-scheduled
interdisciplinary meetings, including radiologists, patholo-
gists, breast surgeons, and physicists.

In the past year, more than 30 patients were examined with
theabove protocol, and preliminary clinical results of the first
5 patients have been published [11].
Theresultsindicatethat phase-contrastand scatteringimag-
ingwith an X-ray tube-based configuration have the potential
to provide additional and useful information to complement
andimprove breast cancerdiagnosticsin the clinicalapplica-
tion. Samples with different breast cancer lesions (such as
invasive ductal and lobular breast carcinomas) or diagnosti-
cally challenging cases (forinstance, tumour-invaded scars)
have been successfully investigated using the mammoDPC
method. Results from this clinical trial show that this novel
techniqueisableto contribute toimproved tumourvisualiza-
tion, tothe detection of skininvasion (a detailed caseis shown
in Figure 2) and to better discrimination between scars, in-
conspicuous breast tissue and invasive tumours.

In summary, for the first time, native breast tissue has been
investigated with an emerging differential phase-contrast
imaging technique based on a conventional X-ray source.
Preliminary results confirm thatthis new approach can provide
improved diagnostic information and therefore presents its
potential capability to revolutionize current radiological
methods for breastimaging in the near future.
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What drives non-equilibrium phase transitions?

Gerhard Ingold, Urs Staub and Paul Beaud, Laboratory for Synchrotron Radiation — Condensed Matter (LSC), PSI;
Steven L. Johnson, Institute for Quantum Electronics, ETH Zurich

The coupling between competing electronic and structural orders in strongly correlated electron systems is

behind many interesting effects, such as high-Tc superconductivity, colossal magnetoresistance, and multifer-

roicity. Recently, pump-probe resonant and non-resonant X-ray diffraction have emerged as suitable techniques

for studying such systems with atomic resolution on afemtosecond timescale. We have investigated both struc-

tural and magnetic order-order phase transitions and found that these transitions can be driven by short-pulse

optical excitation. These results may contribute to the development of switching functional properties of solid-

state devices by light.

Crystalline solids in which local charges, orbitals and spins
are brought into a spatially long-range ordered lattice ex-
hibit rich electronic behaviour due to the complex interplay
between single-site electron occupation and nearest-neigh-
bourintersite coupling. Upon external stimuli, such materials
canundergo phasetransitionswhich generally involve abrupt
changes in the long-range arrangements accompanied by
symmetry-breaking effects. The time scale required for this
symmetry breaking is determined by an inherently dynamic
effect, which should, in principle, limit the speed of such
phase transitions, but so far the nature of this limit has not
been explored. We have used pump-probe X-ray diffraction
with femtosecond time resolution to find evidence thata sud-
den electronic excitation can, in fact, drive a non-equilibrium,
order-order phase transition on sub-picosecond time scales,
where both the mother and daughter phases maintain long-
range order. In the following, we present two examples.

Structural phase transition

In the first experiment, the structural dynamics of the phase
transition in Lag.42CaossMn03 (LCMO) manganite has been
studied atthe FEMTO slicing source at SLS, using X-ray diffrac-
tion with a time resolution of 200 fs [1]. At room temperature,
LCMO is paramagnetic, with perovskite structure of orthorhom-
bic Pbnm symmetry. Upon cooling, it undergoes a phase
transition, at Tcojoo = 240K, to a charge (CO) and orbitally (00)
ordered phase, in conjunction with a structural transition
where the staggered O-octahedra at the Mn3* sites due to the
Jahn-Teller (J-T) distortion induce a doubling of the unit cell.

This leads to additional weak superlattice (SL) Bragg peaks.
Promotion of eg electrons at the Mn3* sites by 800 nm laser
pulses should trigger a non-thermal melting of the CO-00
orderand hence a structural order-order phase transition via
relaxation of the J-T distortion. This indeed is supported by
our data, shown in Figure 1, where the time dependence of a
SL reflection is shown forvarious fluences. At low excitation
fluences, we observe the excitation ofa coherent phonon that
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Figure 1: Laser-induced response of the (55 2) superlattice
and the (5 2 2) regular Bragg reflections (insert in c) of charge
and orbitally ordered LCMO.
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Figure 2: Relative ICM/CM phase population. The curveis a fitto a
delayed biexponential. The inset shows the dependence of the
onset time t, of the phase transition on the excitation fluence.
The broad curve drawn here is to guide the eye. The dashed line
indicates the time for a % oscillation of a long-wavelength spin
excitation in the CM phase (400 fs).

involves motion ofthe La/Ca cations. At high fluence, a com-
plete phase transition occurs within ~ 1 ps, demonstrated by
the disappearance of the SL reflection. The simultaneous
increase of the regular-lattice Bragg intensity is proofthat we
are observing a structural order-order transition and not a
simple laser-induced melting ofatomic order. To directly prove
that J-Trelaxation upon CO-O0 melting is driving the transition,
atimeresolution below50 fsis needed to measure the coher-
ent phonon modes of the O-octahedra. This could be the dy-
namical limit for the structural phase transition. Resonant
X-ray diffraction can additionally reveal whetherthe underly-
ing melting of the electronic order happens even faster. We
will start this investigation at the LCLS free-electron laser in
Stanford, California.

Magnetic phase transition

In the second experiment, the dynamics of the collinear-to-
spiralantiferromagnetic (AFM) transition in multiferroic cupric
oxide CuO has been studied at the LCLS free-electron laser
with a time resolution of 300 fs [2]. Below 213 K, this system
shows collinear AFM order commensurate (CM) with the lat-
tice. In the range 213-230 K, the magnetic order becomes
non-collinear AFM, with a period incommensurate (ICM) with
the lattice. This magnetic order-order transition is triggered
by 40 fs optical laser pulses at 800 nm, and fs X-ray pulses

tuned near the Cu Ls edge (930 eV) are then used to monitor
the magnetic diffraction peaksthatcorrespondto each phase
asafunction oftime. Overtheinitial 300 fs, both the CM and
ICM peaks show a sudden decrease due to laser-induced
magnetic disorder. Afterwards, the phase transition itself
starts after an onset time f,. As shown in Figure 2, this onset
time decreases with increasing excitation fluence. At very
high excitation levels, the onset time saturates at 400 fs,
strongly suggesting that this is a limiting time for the transi-
tion. Interestingly, this limitingtime scale correspondstothe
time required for a ¥4 oscillation of a 1.6 ps spin wave as
measured by inelastic neutron scattering. This seemstoimply
thatthe first step of the transition is limited by dynamics: the
fundamentaltime required forthe long-range magnetic order-
ing to change. This is analogous to the structural phase
transition wherethe minimum time scale is often expected to
be a fraction of a phonon period.

Outlook — SwissFEL

Time-resolved X-ray diffraction methods can track the evolu-
tion of structural and electronic orderin non-equilibrium phase
transitions with atomic resolution on a femtosecond time
scale. Phases in correlated electron materials can be tuned
by varying an external parameter such as temperature, pres-
sure, magneticfield, electric field, orthe density of electrons
by chemicalorphoto doping. Flexible pump and probe beams,
intermsofenergy, polarization and pulse length, will be avail-
able at SwissFEL. To take advantage of these advanced fea-
tures, we propose to construct a dedicated endstation to
pursue these experiments with much improved (10 fs) time
resolution. The long-term goalistoachieve an understanding
similar to that of equilibrium phase transitions, where the
type (universality class) of transition is defined by the sym-
metry ofthe order parameter, the range of the interaction, and
the dimensionality of space.
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The Materials Science Beamline upgrade
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Research at the Materials Science beamline at the SLS is primarily concerned with determining the atomic

structures and changes therein of crystalline substances, in particular nanoscale materials, pharmaceuticaland

catalytical systems, and structures confined to surfaces and interfaces. The MS beamline has undergone a com-

prehensive upgrade of its X-ray source and optics, leading to a more than thousand-fold increase in X-ray bril-

liance. It now provides both a smaller (100 x 20 pm?) and a more parallel (160 x 32 yrad?) beam. In addition to

significant improvements in the established techniques of powder diffraction and surface diffraction, new op-

portunities have become possible with regard to experiments with high time resolution and under high applied

pressure.

After more than 10 years of very successful operation, the
Materials Science (MS) beamline [1] at SLS has been updated
with a state-of-the-art undulator source and optics. The new
undulator operatesin-vacuum and is cryogenically cooled to
achieve the high magnetic field necessary for reaching X-ray
energies as high as 40 keV on a “medium-energy” storage
ring such as the SLS [2].

Figure 1: The cryogenically cooled undulator (U14) of the MS
beamline.

Compared with the previous wiggler, the new undulator has
many advantages: It provides a smaller and more parallel
beamand producesless heatinthe X-ray optics, whichinturn
resultsinabetterenergyresolution; allofthese improvements
mean that more difficult scientific questions can be answered.

The new undulator

The U14 undulatorwas developed and designedin collabora-
tion with the Japanese Synchrotron SPring-8 facility and Hi-
tachi Metals (Figure 1). It is the shortest-period undulator
manufactured to date in the world, which meant that several
new engineering solutions had to be developed forit. These
will also be useful for the future SwissFEL undulators.
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Figure 2: Schematic of the new optics setup. The first crystal, X1,
selects a specific wavelength A from the incident polychromatic

X-ray beam, which is then redirected by X2. Two subsequent
mirrors allow focusing of the beam and remove higher-order
light.
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Figure 3: Energies of the undulator harmonics as a function of
gap size of the U14 undulator.

New source, new optics

Although the new undulator has six times lower total power
than the previous wiggler, the power density is 17 times
higher, making efficient thermal management necessary.
For these reasons, a new X-ray optics configuration was es-
sential. The new optics are shown schematically in Figure 2.
Theincidentbeamis monochromated usinga double-crystal
monochromator (DCM). Horizontal and vertical focusing is
achieved using a sagittal bender mechanism for the second
DCM crystal, X2, and dynamic bending of the second mirror,
M2, respectively. Mirrors M1and M2 also remove higher dif-
fraction orders.

Performance

The newundulator produces radiation which agrees wellwith
the predicted values. As an example, the energy of the har-
monicsis plottedvs. the undulatorgapin Figure 3. Harmonics
areobserved up ton=19, proofthat, despite the short period
of only 14 mm, the magnetic field is very precisely periodic.

New opportunities

Because the undulator radiation is more parallel and the
source size is smaller, the beam can be focused far more
tightly on the sample. This means that more photons can be
used foran experiment, opening up new vistas in several di-
rections, especiallyinthefields of time-resolved studiesand
radiation-sensitive experimentsin conjunction with the revo-
lutionary Mythen microstrip detector [3]; in high-pressure
studies where the beam has to enter the small diamond ap-

Figure 4: Total scattering pattern of nanocrystalline hydroxyapa-
tite. The intensity (black curve) was obtained after subtracting
artefact signal from air scatter and scatter from the capillary
sample holder. The calculated total intensity (red) was corrected
for Compton scattering, and could then be separated into true
nanocrystalline (green) and amorphous (blue) components.
[Courtesy A. Cervellino and A. Guagliardi]

erture ofthe pressure cell; and in so-called “total-scattering”
experiments, which require the recording of avery weak signal
at high scattering angles. As an example, we show in Figure
4 a nanocrystalline diffraction pattern of the artificial bone
material hydroxyapatite. Because of the more parallel light
from the undulator, the diffraction peaks are sharper. This
leadstoa10-foldincreasein agreement betweenthe modelled
and the measured intensities.

We will also exploit the increased coherent flux provided by
the undulator source in coherent X-ray diffraction imaging
experiments away from the forward scattering direction,
thereby complementing the facilities available at the cSAXS
beamline of the SLS [4].

Thisupgrade shows howwell-selected investments can result
inbeamlineswhichbecomeleadersinthefield, despite being
a decade or more old. Further such upgrades are planned in
a comprehensive upgrade for several SLS beamlines in the
future. These will ensure the SLS a leading position in syn-
chrotroninstrumentation and science formanyyearsto come,
despite the growing competition from more-modern storage
rings emerging around the world.
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Measuring the fast and the small:
New opportunities for structural analysis
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To achieve sustainability in energy and chemicals production and use, new processes must be developed. Mod-

ern catalysis research is characterized by the synthesis of structures that are ordered at multiple length scales.

Ourresearch focuses on the synthesis of such structures and their characterization at multiple length and time

scales.The development of new methods leads to new opportunities for determining structure at the sub-second

timescale and at the nanometre scale. A new analysis scheme of time-resolved X-ray absorption spectra upon

cyclic excitation leads to quantitative structure determination in unprecedented detail, enabling the detection

of minute structural changes. Design and construction of linear zone plates, including those built into a hard

X-ray nano-imaging module, enables the detection of chemical speciation and structure at the nanometre scale,

promising three-dimensional structure determination at that length scale.

Duringtheyear2011, the name ofthe Laboratory forEnergyand
Environment changed to Laboratory for Catalysis and Sustain-
able Chemistry (LSK), to betterreflectits main research themes.
Its main goal is to understand and to learn to control func-
tional materials at all length and time scales, but there is a
strong focus on catalysis and environmental science. Many
research topics reflectthe bridging function between the Gen-
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Figure 1: Top: Quick-XAS spectra at the Ru K edge recorded
during cyclic variation between oxidizing and reducing
environment of a Ru catalysts. The spectra indicate minute
changes in structure, which cannot be analyzed by classical
methods. Bottom: Demodulated spectra, for which a new
analysis scheme was developed. This enables structural analysis
of the minute difference, enabling quantitative structural
analysis in unprecedented detail.

eral Energy (ENE) and Synchrotron Radiation and Nanotechnol-
ogy (SYN) Departments thatthe Laboratory has. New synthesis
methods for (mainly) heterogeneous catalysts are combined
withthe developmentand application of characterization tools
atthe fourbeamlines ofthe Laboratory. In 2011, the upgrade of
the VUV beamline was successfully completed, which resulted
in reproducible alignment, an increased tuning range, and
better failure tolerance. The beamline facility will continue its
researchinto understanding combustion processes and extend
into the study of surfaces and surface processes, such as ca-
talysis. PHOENIX I, a new beamline for X-ray absorption spec-
troscopy in the tender energy range (0.8—8 keV) has started
user operation. This beamline is specially designed forin-situ
studies. Pilot studies addressed problems relevantto catalysis
and environmental and energy research, using chemical reac-
tors and a newly developed liquid microjet.

Quantifying the fast

Structural characterization of many processes relevant to
energy conversion and storage, catalysis, electronics, and the
environmentrequires sub-second time resolution and analy-
sis atthe nanometre scale. X-ray absorption spectroscopy is
one of the preferred methods for determining structure.
However, traditionally, it has been impossible to determine
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the structure of minority species in the sub-second time do-
main accurately.

New method development at the SuperXAS beamline now
enables the quantitative structure determination of only mi-
nority species in unprecedented detail. An ENE-SYN collabo-
ration has resulted in a new data analysis scheme for modu-
lation-excited, time-resolved XAS data. The periodic variation
(modulation excitation) of the gas environment from reducing
to oxidizing around a supported Ru catalyst, used in the
methanation of syngas and partial oxidation of methane, has
led to minute spectral changes (Figure 1). The newly developed
analysis scheme is based on treating the demodulated data
as difference spectra that are fitted by two states belonging
toeach ofthe two gas environments. The major development
is the discovery that, even though the fitting of these two in-
dividual contributions may not be exact, the difference be-
tween the two is reproduced with much higheraccuracy than
can be obtained through classical XAS data analysis, and
often not accessible by other methods. The coordination
number can be determined within 1% and changes in bond
distance betterthan 0.001A can be detected and quantified.
This breakthrough enables structural determination with
extreme accuracy of only that part of a sample, such as cata-
lyst, battery, and energy storage material, that changes. For
chemicallyreproducible systems, such as catalysts, modula-
tion-excitation XAS will allow the quantitative structural
analysis of minority species or reaction intermediates that
areinvolved inthe reaction underoperating conditions, pre-
viously thoughtimpossible. The pre-requirement formodula-
tion XAS is the ability to collect XAS spectra with a time reso-
lution in the sub-second range, which is uniquely available
atthe SuperXAS beamline of the SLS.

Measuring the small

Hard X-ray nanoprobes are very attractive in many fields of
science, including physics and chemistry, bio-medicine,
materials, geo and environmental sciences, archaeology, and
nano-technology. However, micro-and nano-focusing of hard
X-rays represents a considerable optical and technical chal-
lenge. Collaborative research between the microXAS beamline
project and the Laboratory for Micro- and Nanotechnology
(LMN) has succeeded in implementing a pilot unit of a hard
X-ray nano-imaging module. This novel nano-focusing module
is based on newly developed diffractive lenses delivering
spatialresolution with a high acceptance and photon fluxgain
factor. The new optical scheme consists of two independent,
linear Fresnel-zone plates mounted in a tilted arrangement
(Figure 2) to achieve efficient and symmetric focusing, even
at high energies.

. linear zone plates
asymmetric
X-ray source

symmetric
micro-focus

Figure 2: Top: Two-dimensional focusing of X rays with linear
zone plates. Matching the ratio of the focal lengths to the
asymmetry of the X-ray source produces a symmetric focus.

The free and independent adjustability of each tilt angle allows
fast, dynamic optimization of the diffraction efficiency over
the entire energy range. Bottom: Chemical nano-imaging based
on nano-focused hard X-ray beam of multiple celled D. magna
exposed to iron oxide nano-particles. The different zoom-in
areas are indicated by the red squares. Ultimate pixel size:
100nm.

Usinga 250 nm X-ray spot, element-specific chemicalimages
based on fluorescence imaging were recorded and two-
dimensional nano-diffractionimages of 70nm gold structures
were pioneered. Elementand diffractionimaging of the single-
cellorganism D. magna exposed toiron-oxide nano-particles
identified how chemicaltransformations occurduring diges-
tion of the nano-particles (in collaboration with Hanyang
University, Seoul, Korea).

The ability to non-destructively investigate (‘image’) hetero-
geneous, nano-structured zones with unprecedented spatial,
crystallographic, and chemical sensitivity using hard X-rays
between5and 20 keVopensup newand unique opportunities
forfundamentalandappliedresearch, aswellas forengineer-
ing. A hard X-ray nano-probe user facility at the microXAS
beamline, designed to image samples and analyse them
spectroscopically at the nanometre scale, over a tuneable
range of X-ray wavelengths, can be expected to have a very
wide variety of applications.
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Contemporary basic research in the field of strongly correlated electron systems aims at identifying new routes

towards future generations of electronic devices. Interesting systems are metal-oxide compounds which display

arich variety of electronic properties due to the presence of strong electronic correlations and promise entirely

new functionalities. The dimensionality of the electron system in these materials has a large influence on the

electronicand magnetic properties. In superlattices of the paramagnetic metal LaNiOs and the insulator LaAlOs,

we found, by optical ellipsometry and low-energy muon spin rotation, a metal-insulator and antiferromagnetic

transition in LaNiO; with a thickness of two unit cells, whereas thicker layers remain metallicand paramagnetic.

Metal-oxide superlattices thus allow dimensional control of the electronic properties of correlated electron

systems.

The discovery of high-temperature superconductivity two
decadesagoinitiated extensive experimentaland theoretical
investigations of the quantum physics of strongly correlated
electrons in transition metal oxides (TMO) [1]. Several elec-
tronic phases exist in these materials, and the systematic
control of the competition between these phases offers the
potential fora new generation of electronic devices [2]. How-
ever, conventional solid-state chemistry provides only limited
control; forexample, it uses chemical substitution to modify
charge-carrierconcentrations, thereby altering the local lattice
structure and electronic levels in an uncontrolled way. Also,
controlon dimensionalityis limited, because the synthesized
phases of N consecutive layers often turn out to be unstable.
Recent advances in the growth of TMO heterostructures by
molecular beam epitaxy (MBE) or pulsed laser deposition
(PLD) allow the fabrication of atomically sharp interfaces,
indicating a promising route toward control of correlated
electron systems [2].

The correlated metal LaNiOs is an interesting candidate for
testingthe dimensional control of electronic properties. Bulk
LaNiOsis athree-dimensional Fermiliquid [3], paramagnetic
and metallic at all temperatures, whereas other lanthanide
nickelates (RNiO3) with smaller electronic bandwidth ex-
hibit collective metal-insulator transitions (MIT) [4]. In the
insulating low-temperature phase, a periodic superstructure
of the valence electron charge and a non-collinear antiferro-

magnetic ordering of the Ni spins have been inferred [5]. This
implies that the itinerant conduction electrons in LaNiOs are
highly correlated onthe verge of localization. Experiments on
a controlled number of atomically thin LaNiOs layers sepa-
rated bythewide-gap insulator LaAlO; are thus well suited for
testingthe effect of reduced dimensionality on the electronic
phases of LaNiOs.
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Figure 1: Time evolution of muon spin polarization in zero field
(A+B) and transverse field (10 mT, C+D) for N=2 and N=4 SLs of
LaNiO3/LaAlO3 on LaSrAlO,.
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Superlattices (SLs), 100 nm thick, of N=2 and N=4 consecutive
layers of LaNiOs; and LaAlOs; were grown by PLD [6]. Different
substrates (SrTiOs, LaSrAlO,) were used to investigate the
effect of tensile and compressive strain. The detection of two
ofthe most common collective ordering phenomena, namely
charge orderand antiferromagnetism, is much more difficult
inTMO SLs than, forinstance, the detection of ferromagnetism
or ferroelectricity, where macroscopic techniques can be ap-
plied. Here, the charge transport properties — dynamic electri-
cal conductivity and permittivity — were measured by spectro-
scopic ellipsometry. Since this technique does not require a
continuous current path over macroscopic distances, itis not
affected by misfit dislocations and provides much more ac-
curate and reliable results than DC conductivity measure-
ments. Forthese experiments, a beam of infrared light at the
ANKA synchrotron has been used. Forthe detection of antifer-
romagnetic orderand magnetic volume fractions, muon spin
rotation (uUSR) is a very powerful tool. The muon, as a local
magnetic probe, is extremely sensitive to any magnetic order-
ing. Usually, muon beams have energies of ~MeV, which is far
too highforthemto stopina100-nm-thick SL. Kinetic energies
of only a few keV are required if the positive muons are to be
stoppedin such athin layer. Atthe moment, only the unique
low-energy muon beam and low-energy uSR setup at PSI [7,
8] offers the possibility to carry out experiments of this kind.
Figure 1shows the results of the low-energy uSR experiments
on SLs with N=2 and N=4 LaNiOs layers [9]. In A and B, no
externalfieldwasapplied. AtT>50K, a small Gaussian damp-
ing of the muon polarization is visible, which is typical for
dipolar magnetic fields generated by nuclear moments of La
and Al. In the N=2 sample, a fast relaxing component starts
todevelop at T<50 K, which is absentin the N=4 sample. The
observed temperature dependence of the fast componentis
similarto the behaviourin bulk NdNiOs and (Y,Lu)NiOs below
the antiferromagnetic transition temperature, Ty, caused by
staticinternalfields from ordered Nimoments. The rate of the
fast component of ~17 us~" reflects a wide field distribution,
which, togetherwith the absence ofa unique muon precession
frequency, originates from several inequivalent muon stop-
ping sites in the alternating magnetic (LaNiOs) and non-
magnetic (LaAlOs) layers. The spin structure might be antifer-
romagnetic and non-collinear, as in bulk nickelates [9].
Ferromagnetic order can be excluded on the basis of an esti-
mate of the ordered moment, which would result in a macro-
scopically detectable magnetization of the film. Spin-glass
behaviour is ruled out as well, as it would cause a different
muon depolarizationin azerofield [9]. The absence of a fast-
relaxing component for N=4 demonstrates that 4 layers of
LaNiO5 remain paramagnetic at all temperatures, as in bulk
LaNiOs. This is confirmed by the 10 mT transverse field data
in Figures 1C and 1D, whereas for N=4 the full precessing
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Figure 2: Magnetic volume fraction f,, and the normalized
permittivity €1* in the N=2 superlattices on LaSrAlO4 and
SrTiOs. The arrows mark magnetic (Ty) and metal-insulator
transitions (Tw).

amplitude —whichis proportional to the paramagneticvolume
fraction — is observed down to 5 K; the muon precession
signal starts to disappear for T<50 K for N=2 layers, and van-
ishes at T=5 K, where 100% of the sample is magnetic, with
static local magnetic fields Bioc »> 10 mT at the muon site. The
ellipsometry data reveal that N=4 layers are metallic at all
temperatures, while N=2 layers exhibit a metal-insulator
transitionat 7> Ty.

Figure 2 summarizes the phase behaviour of N=2 SLs, which
undergo a sequence oftwo sharp, collective electronic phase
transitions, which correspondto the onset of charge and spin
order, regardless of whether the substrate-induced strain is
compressive or tensile. These results demonstrate that full
dimensionality control of collective instabilities in metal-
oxides SLs is possible [9].
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How neutrons see plant-soil interactions
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The water balance between atmosphere and land surface is often dominated by the influence of vegetation, and

wateris a limiting factorin the cultivation of agricultural crops. However, water uptake by plants and its feedback

to soil water is not yet understood in detail. Using neutron imaging of plant roots in soils, it is now possible to

gain new insights into root-soil interaction. With this method, a new mechanism was found that allows roots to

sustain their water supply during dry conditions, which so far had been missed by other methods less sensitive

towater. This is about to change the modelling of water uptake and may lead to the breeding of enhanced plants

in the future.

Introduction

Soil constitutes the thin interface between the land and the
atmosphere, where the largest part of terrestrial life takes
place. Water is the main element needed by all organisms,
especially by plants, which are simultaneously the key drivers
ofwatermoving backinto the atmosphere. Also, waterin soil
isthe mainvehicle forthe movementof nutrients essential to
plants. However, how roots take up water from soil is still not
well known.

Models of water and nutrient uptake by roots are based on
the conceptthatwaterflows from soilto roots down a negative
gradient in water potential. As the leaves lose water to the
atmosphere, negative water potential developsin them, which
then propagatesintothe stem and roots. This creates a water
gradient between soiland roots, driving waterinto the roots.
Because of the radial geometry of the flow towards roots, the
models predict thatthe largest gradients in soil water poten-
tial occur in the first few millimetres near the roots, the so-
called rhizosphere. As plants take up water from soil, the
rhizosphere may become so dry that root water uptake is re-
duced. How easily water flows across the rhizosphere and
entersroots dependsonthewatercontentintherhizosphere:
a wet rhizosphere will favour water (and nutrient) uptake by
roots, whereas a dry rhizosphere may significantly reduce it.
But how can the water content in the rhizosphere be meas-
ured?

Studying soil-plantinteractions has so farbeen challenging,
due to the difficulty of measuring soil water content at dis-
tances of less than afew mm around roots withoutinterfering

with their function. Due to their high sensitivity to hydrous
materials, however, neutron tomography and radiography
provide excellent methods for studying the distribution of
water in soils and roots in-situ.

Neutron tomography setup

A preceding study had been able to identify a mechanism of
increased water content in parts of the rhizosphere [1]. How-
ever, onlyinaveryrecentinvestigation [2] with 3D tomography
was it possible to prove the presence of high watercontentin
large regions of the rhizosphere for three different plant spe-
cies.

These measurements were performed atthe NEUTRAand ICON
beamlines of SINQ, at PSI. We grew different plant species
(white lupin, chickpea, and maize) in cylinders (height: 100
mm, diameter: 27 mm) filled with a sandy soil. When the plants
were 12 days old, we started to scan the samples. We tomo-
graphedthe samples overthe course of 4 days and monitored
the changes in soil water content around the roots as they
took up water and dried the soil. Plants were grown near the
beamlines under controlled light, humidity and temperature
conditions. The objective of the experiment was to generate
images of the temporal and spatial dynamics of water deple-
tion around the roots, over a range of soil water content.
The spatial resolutions of the tomograms were 80 pm at
NEUTRA and 13 pm at ICON (nominal pixel size). The three-
dimensionalimages were processed as follows: Firstly, roots
were segmented from the soil. Secondly, tap and lateral roots
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Figure 1: A 3D represen-
tation of the roots of a
chickpea plant obtained
by neutron tomography,
performed at the ICON
facility of SINQ [3].

& 27 mm

were distinguished according to their different root radii. Fi-
nally, we calculated the distance map to the roots and the
average water content as a function of distance to the roots.

Results and their implications

Contraryto currentmodels of root water uptake, which predict
a drier soil close to roots, we consistently observed higher
soil water content closer to roots than far away from them.
Since roots take up water from the soil and water must move
down a gradient in water potential, the only explanation is
thattherelationship between water contentand water poten-
tialintherhizosphere was differentthan thatin the rest ofthe
soil. In other words, the roots modified the soil in their im-
mediatevicinity, therebyincreasing the water-holding capac-
ity of the soil. This means that soil water potential could de-
crease approachingthe root surface, but not necessarily soil
water content.

Our results agree with the findings of microbiologists on the
differenceinthe hydraulic properties of the materials exuded
by bacteria into their environment. Bacteria are surrounded
by extracellular polymeric substances (EPS) that act as a
protecting layeragainst desiccation and fast rewetting. Plant
biologists have also reported the presence of similar materi-
alsaroundthe roots of plants, commonly referred to as muci-
lage. We hypothesize that the release of mucilage by roots
intothe surrounding soilalters the hydraulic properties of the
rhizosphere so that it holds more water.

Figure 2: Measured soil water distribution around the roots of

a plant. In this horizontal cross-section, the white zones
represent roots, while the regions in colour show how much
water is present in the soil - red means a larger amount of water.

Current models of root water uptake do not account for such
distincthydraulic properties ofthe rhizosphere. Incorporating
these findings could improve the capability of these models
in their predictions.

The higher water-holding capacity of the rhizosphere is ex-
pected to help roots remain hydraulically connected to the
bulk soil, favouring water availability to plants in dry condi-
tions. Our measurements have therefore revealed a new
mechanism of how plants modify their environmentin order
to perceive a “wetter” soil and better tolerate drought.

This study could have potentiallyimportant practicalapplica-
tions, two of which are: breeding plants with high tolerance
to drought, and optimizing irrigation schedules to maintain
optimal hydrated conditions in the rhizosphere.
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Torelease drugs from avesicle carrier, the membrane of the vesicle has been successfully functionalised by small
ferromagnetic nanoparticles. These ferromagnetic particles can be used to locally produce heat by applying an
external alternating magnetic field in the kHz range. The challenge in functionalising the lipid bilayer with fer-
romagnetic nanoparticles was mainly to incorporate them without destabilising the vesicle membrane and,
secondly, to have a production procedure that was efficient and easy enough to implement.

Nanoscalevesicles have, inthe past, attracted the interest of
many research groups which tried to use them for ex-vivo
encapsulation, delivery, or nanoscale chemistry. However,
the problem of externally triggered release of a controlled dose
ofthe encapsulated cargo at a specific time and location has
never been convincingly solved. Most studies up until now
make use of passive diffusion orresponse to global environ-
mental changes [2, 3]. The functionality of liposomes makes
them one of the most intensively studied delivery vehicles
[4]. Liposomes are typically 100 nm in diameter, are biocom-
patible, and, if appropriately surface modified, have longin
vivo circulation times. Furthermore, they can carry hydrophilic

cargo in the aqueous lumen and hydrophobic cargo in their
lipid membrane [4]. Important for this task is their enhanced
permeability around the membrane melting temperature (Tm),
which depends on the lipid composition. The cargo can be
released by heating the liposome membrane above the melt-
ing temperature, Tn. As there has not existed up untilnow an
efficient way to locally heat only the lipid membrane, Ty is
typically designedtobe close to bodytemperature, torelease
cargo atthe temperature of pathologicaltissue such as cancer,
which is a few degrees higher. This, however, already results
in an inherent leakage of liposomes at body temperature. If
Tmisinstead chosen to be farabove body temperature, then
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Figure 1: The perfect nano-containment for any drug delivery vehicle should have two properties: On the one hand, it is desirable to
release the drug only at a well-defined location while, on the other hand, the release should also be controlled in time. A team from
the ETH Zurich has developed such a system using so-called ‘stealth liposomes’, which they combined in a clever way with superpar-
amagnetic iron-oxide nanoparticles, which they succeeded in incorporating in the lipid membrane. Alternating magnetic fields were
then used to locally heat the membrane and control both timing and dose of the released cargo from such vesicles.
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cargo release is inefficient. To circumvent the conflicting de-
mands of simultaneous high release efficiency and low passive
leakage, liposomes have been successfully loaded with
magnetic nanoparticles in our research. Via their magnetic
properties, cargo release can be triggered by applying high-
frequencyalternating magnetic fields. These alternating fields
are used to locally introduce heat into the system, with the
magnetic particles as heat centres. The challenge was then
to introduce the magnetic particles efficiently, and in large
enough quantities, into the liposome membrane. PEGylated
liposomes with Ty far higher than body temperature were
used, forwhich specially stabilized iron oxide nanoparticles
were developed. The size of these nanoparticles was fine
tuned (diameter<5.5nm) and they were sterically stabilized
with palmityl-nitroDOPA. They therefore spontaneouslyincor-
porated into the membranes (Figure 1). These liposomes are
colloidally stable and impermeable at body temperature.
Repeated application of alternating magnetic fields now al-
lowed the release of cargo to be triggered. These properties
were shown to relate directly to the structure and stability of
the nanoparticle-lipid assemblies. Because the liposome
structure was retained during alternating magnetic field treat-
ment, content could be repeatedly and non-destructively re-
leased from liposomes at bulk temperatures significantly
below T of the liposomes. Consequently, cargo could option-
allybereleased over prolongedtimes, preventing bursts that
would temporarily lead to a local overdose.

To studythe nanoparticle-lipid assemblies, severaltechniques
have been applied, such as small-angle neutron and X-ray

scattering (SANS, SAXS) (Figure 2), transmission electron
microscopy (TEM), differential scanning calorimetry (DSC),
thermogravimetry analysis (TGA), dynamic light scattering
(DLS) and fluorescence spectroscopy. The combination of all
techniques allowed the different steps of the synthesis to be
characterised and theirfunctionality regarding the release of
acontrolled dose ofthe encapsulated cargo ata specifictime
and location to be studied.
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Complex spin structures in frustrated magnets
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Understanding the diverse ground states, the mechanisms of magnetic ordering and emergent excitations in

frustrated magnets is a major focal point of modern condensed matter physics. In a recent study, we combined
neutron scattering and Monte-Carlo simulations and identified direct evidence for degenerate ground states in
the frustrated diamond lattice antiferromagnet CoAl,O,. The observed short-range magnetic correlations were
explained within a spiral spin-liquid model by the specific shape of the energy landscape of the system due to

competition between nearest and next-nearest neighbour exchange interactions.

In a class of magnetic solids known as spin-liquids, there is
no unique ground state which the system would attain at
zero temperature. Due to the frustrated geometry of the un-
derlying crystalline lattice, competing magnetic exchange
interactions or quantum fluctuations, such systems have
highly degenerate ground states, i.e. they fluctuate between
many low-energy configurations. The best experimental
method for probing spin-liquids is neutron scattering, the
technique available at the Swiss Spallation Neutron Source,
SINQ, at the Paul Scherrer Institute.

A spin-liquid has been predicted theoretically in a classical
treatment of frustrated diamond-lattice Heisenberg antifer-
romagnets [1]. The degenerate ground states in such materials
formasetofcoplanarspin spirals, which appearastheresult
of competition between nearest (J) and next-nearest neigh-
bour (J,) exchange couplings.

We have searched for evidence for such a state in the mate-
rial CoAl,O4, @ member of the spinel family of crystalline
compounds [2, 3]. Powder neutron diffraction (Figure 1), ana-
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lysed using Monte-Carlo simulations, indicates thatthe system
isweakly frustrated, residingin thevicinity of the critical point
J2/)1:=1/8, at which the spiral spin-liquid state is predicted to
develop. Short-range magnetic correlations observed in a
single-crystal neutron diffraction pattern (Figure 2) result from
an extremely flat energy minimum around the wave vectorg=0
and from many low-lying excited spiral states with g=<111>.
The magnetic excitations measured using the triple-axis
spectrometers TASP and RITA-2 at SINQ are spin waves and
were analysed using classical spin-wave theory. Application
ofamagneticfield significantly perturbs the spiral spin-liquid
correlations, and is a topic for our further research.
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Figure 1: Powder neutron diffraction patterns of CoAl,O4
collected on the DMC diffractometer at SINQ. Diffuse scattering
below the <111> and <200> Bragg peaks is a signature of the
spin-liquid state.

Figure 2: Single-crystal neutron diffraction pattern obtained

on the IN14 spectrometer at ILL, Grenoble. Lorentzian line
shapes of magnetic Bragg peaks and diffuse scattering between
them indicate the unconventional state.
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Alkali-metal intercalated FeSe superconductors

Anna Krzton-Maziopa, Ekaterina Pomjakushina and Kazimierz Conder, Laboratory for Developments and
Methods; Zurab Shermadini, Alex Amato, Hubertus Luetkens and R. Khasanov, Laboratory for Muon
Spin Spectroscopy; Vladimir Pomjakushin and Denis Sheptyakov, Laboratory for Neutron Scattering; all PSI

Therecent discovery of iron-based high-temperature superconductors has represented a milestone for research
on superconductivity. Coming more than 20 years after the discovery of high-temperature superconductivity in

cuprates, this has triggered huge interest, as magnetic ions were thought to be antagonistic to the occurrence
of superconductivity. In 2011, much effort by many PSI groups was devoted to the question of how magneticiron
ions can coexist with superconductivity and has led, among other fascinating findings, to the discovery of a new

superconductor.

Amongtheiron-based superconductors, iron chalcogenides,
as FeSe, have the simplest layered structure. The supercon-
ductingtransitiontemperature (T.) of FeSeisonly 8 K, but can
be increased up to about 14 K by doping with Te and to over
30 K by applying a high pressure. A large increase of T. can
also be achieved by alkali metal intercalation between the
FeSe layers. Following published works on K«Fe,.,Se,, a huge
effort on the synthesis of intercalated AxFe,,Se, was started
atPSl, leadingto the growth of large single-crystalsandto the
discovery of superconductivity in CsxFe,ySe, (Tc = 30 K) [1].
Asobservedinthe cuprates, iron-based superconductorsalso
exhibit interplay between magnetism and superconductivity,
suggesting the possible occurrence of unconventional super-
conducting states. A unique feature of intercalated A«Fe,.,Se,
isthe presence of robust antiferromagnetism. The muon-spin
spectroscopy technique (USR) has been instrumental in dis-
covering such a state [2], which is characterized by an extraor-
dinarily high Néel temperature — of the order of 500K.

Another feature of this system is the presence of an iron-va-
cancy superstructure that, together with antiferromagnetic
ordering, has been studied by neutron and synchrotron X-ray
diffraction [3].

Hence, by combining the different analysis techniques avail-
able at PSI, a comprehensive investigation of the relevant
properties of this fascinating new class of superconductors
is possible and has been started.
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Figure 1: Magnetisation curves for A Fez,Se; single crystals, with
A=K, Rb and Cs showing clearly the superconducting transitions.

Figure 2: uSR signal on Cs,Fe;,Se; obtained at 10K. Note the clear
spontaneous oscillations revealing a magnetically ordered state.



36 Research focus and highlights — Particle physics

PSI Scientific Highlights 2011

Higgs physics and rare particle decays

Klaus Kirch, Urs Langenegger, Angela Papa and Michael Spira, Laboratory for Particle Physics (LTP), PSI

Particle physics aims at understanding the nature of the most fundamental particles and interactions. The PSI

Laboratory for Particle Physics runs a research programme titled “Precision and discovery physics at low and

high energies” with theoretical and experimental activities at the forefront of the field. Major contributions to

LHC activities at CERN and unique precision physics experiments at PSI test the present Standard Model of

particle physics. Here, the theoretical and experimental highlights in Higgs physics and rare B-meson decays

at the LHC and those of the MEG experiment at PSI are summarized. All activities rely on a network of national

and international collaborations and make optimal use of PSI’s strengths in technological development and

beams of the highest intensity. The comparison of calculations with new measurement results puts significant

constraints on new models and theories of particle physics.

Particle physics seeks to identify the elementary constituents
of nature, and to discover the fundamental forces acting be-
tween these constituents. Ordinary matter and non-gravita-
tionalinteractionsare described by the Standard Model (SM),
which comprises two kinds of matter particles (quarks and
leptons), three fundamental forces (the strong, electromag-
neticandweakinteractions) and the Higgs sectorasthe origin
of massvia spontaneous symmetry breaking. The SM consti-
tutes a quantum field theory valid down to microscopic dis-
tances of the order of 10 m. The only SM particle that has
escaped detection so far is the Higgs boson. The search for

w2
_e U & t g .
3 =
= S
& | d s b 7| Z
o)
»n j<b)}
E Ve ||V || Vs Z %0
o
Sle |l pl 7|l W ©
I I II | g
Families )
iggs boson

Figure 1: Particles of the Standard Model grouped into 3 families:
quarks and leptons, gauge bosons and the Higgs boson. The
quarks and leptons interact electromagnetically, mediated by
photon (y) exchange, and weakly mediated by W- and Z-boson
exchange. The quarks interact, in addition, strongly, mediated
by gluon (g) exchange. The Higgs boson, H, is responsible for
mass generation and has not yet been discovered.

this is one of the most important endeavours at present and
future collider experiments.

Quarks and leptons are grouped into three families (see Fig-
ure 1). The first family contains the electron and the electri-
cally neutral electron-neutrino as leptons, as well as the up
and down quarks. The protons and neutrons are built of up
and down quarks and form atomic nuclei as strong-interaction
bound states. The electron-neutrino appears as a product of
radioactive decays. The second family contains the muonand
muon-neutrino as leptons, and the strange and charm quarks.
Thetauleptonandtau-neutrinojoined bythe bottom andtop
quarks belong to the third family.

The fundamentalforces, i.e. the strong, electromagneticand
weak interactions, are mediated by the exchange of gauge
bosons,which arethe basic carriers ofthe forces and observ-
ableas particlesin colliderexperiments. The gauge boson of
the electromagneticinteractionisthe massless photon, while
the massive W-and Z-bosons mediate the weakinteractions,
with a limited range of about 1078 m. Strong interactions are
described by the exchange of gluons between the quarks.
The SM has been extensively tested in experiment and no
significant deviation has so farbeen discovered. Despite the
success of the SM, it leaves several questions unanswered
and generates several theoretical problems. Some of the lat-
terare deeplyrootedinthe Higgs sectorand can be solved by
the introduction of supersymmetry (SUSY). Supersymmetry
isanovelsymmetry connectingbosons and fermionsand has
notyet been observed.

Otherproblems concern the mechanisms behind flavour mix-
ing effects (e.g. mixing of the down and strange quarks) in the
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Figure 2: Higgs boson branching ratios and their uncertainties for
the low mass range (taken from Ref. [2]).

hadronic (among quarks) and the leptonic sectors. The elec-
tromagneticand stronginteractions do notinduce any flavour
transitions, but the weak interactions do. The quark mixing
effects are the only known source for CP violation within the
SM. The CP quantum number distinguishes particles from
antiparticles. CPviolationisone of the necessaryingredients
to answer the question of why our universe contains matter
and almostno antimatter. However, the degree of CPviolation
withinthe SM has so farturned outto be insufficient to explain
this asymmetry.

An option to test the amount of CP violation in nature is to
determinethe electricdipole moment ofthe neutron (nEDM).
An observation of this effect in the nEDM experiment at PSI
would indicate either new physics beyond the SM or effects
from a non-trivial topology of the SM ground state, while a
non-observation will impose strong constraints on these
models ([1] in this report).

A possibility for solving the puzzle of the matter-antimatter
asymmetry of the universe is to introduce lepton-flavour vio-
lation (LFV) in the context of Grand Unified Theories, which
unify the fundamental forces atvery high energies. Since LFV
induced by the experimentally established neutrino oscilla-
tionsis strongly suppressed, new physics models beyond the
SMarerequired. LFV effects can be tested, forexample, inthe
forbidden decays u*—e*y. Adiscovery ofthis decayinthe MEG
experimentat PSIwould immediately signal new physics. On
the other hand, the non-observation of this decay process
would imply strong constraints on new-physics models.

Theoretical activities

The big success of the SM to describe the experimental data
issignificantlybased onveryinvolved calculations of quantum
corrections to experimentally measured processes. The

Theory Group of PSI’s Laboratory for Particle Physics (LTP) has
been involved in the determination of the best available
predictions for the Higgs boson branching ratios with a de-
tailed estimate of the residual uncertainties [2]. The results
are shown in Figure 2. Depending on the unknown Higgs bo-
son mass My, one can read offthe probability of the (unstable)
Higgs particle to decay into specific final states, such as two
photons (yy), and the corresponding uncertainties given by
the sizes ofthe coloured bands. This work has been performed
within the LHC Higgs Cross-Section Working Group that was
formedin 2010 to provide the most up-to-date predictions of
Higgs boson production and decay processes for the search-
es at the Large Hadron Collider (LHC) experiments at CERN.
These calculations and predictions are used by all LHC ex-
periments for the Higgs searches. The observation of the
properbranchingratioswillbe a universaltest ofany SM Higgs
candidates.

The MEG experiment

Itis true to say that, over the course of time, the motivation
for the search for the u*—e*ydecay has changed. Neverthe-
less, the processitselfhas always maintained a fundamental
role: “Isthe electron emitted by the meson with a mean lifetime
ofabout2.2 microseconds accompanied by a photon of about
50 MeV?”, Pontecorvo asked some sixty years ago.
Lepton-flavourviolation (LFV) research is currently one of the
most exciting branches of particle physics. Flavour-violating
processes, such as u*—e*y, which are not predicted by the
SM, are very sensitive to ‘new physics’. Neutrino oscillations
are now an established fact, which can be accommodated
into the SM by including massive neutrinos and mixing. This
modified SM, however, predicts non-measureable branching
ratios (BR - fraction of particles decayingin a particular way)
for lepton-violating decays. Supersymmetric GUT theories
naturally house finite neutrino masses and predict rather
large,and measurable, branchingratios for LFV decays, which
foru*—e*yis expected to be between ~10~"* and 10~ (SU(5)
orS0(10) SUSY-GUTmodels), close to the previous best upper
limitset by the MEGA collaboration (BR=1.2x10""at 90 C.L.).
Evidence fora u*—e*ydecay would be an unambiguous sig-
nature of new physics, while a more stringent limitwould still
have an important impact on the validity of various physics
scenarios.

The MEG experiment is designed to achieve, as its goal, a
single-event sensitivity of ~107, two orders of magnitude
betterthanthe MEGA experimentallimitand withinthereach
oftheoretical predictions.

During 2009 and 2010, a total of 1.8x10™ u* were collected. A
candidate u*—e*y event is characterized by five measured



38 Research focus and highlights — Particle physics

PSI Scientific Highlights 2011

a 10p T —
< Tk E
= T 2009 =
o ]

8 -- 2010 3

7 —2009+2010

6

st

4t =

3 3

0N L] Ll . 3x101?
0 5 10 15

Branching ratio

Figure 3: Profile likelihood ratios as a function of the u*—e*y
branching ratio for 2009, 2010, and the combined 2009 and 2010
data sample.

kinematic parameters: positron energy Ee, gamma energy E,,
relative time between positron and gammateyand the opening
angles between the two decay particles 8eyand dey.

The dataanalysis usedis based onalikelihood method com-
bined with a blinding procedure. Those events falling into a
pre-defined window (‘blinding box’) containing the signal
region forthe observables Eyand tyare saved in separate hid-
den files and opened only when the analysis procedure is
completely defined; the p*—e*y decay is then searched for
within this sample. The other events, outside of this window
(‘side bands’), are used for optimizing the analysis parame-
ters, studying the background and, finally, constructing the
probability density functions (PDFs).

Severalimprovements were implemented in the 2010 analy-
sisframeworkand, where possible, were also extended tothe
2009 sample. These improvementsinclude a new alignment
technique forthe driftchambersystem and the relative align-
ment of the photon detector and positron spectrometer, a
betterunderstanding of the gradient magnetic field map and
animproved spectrometer performance evaluation. A profile
likelihood procedure was adopted, with a constraint of the
background rates from the side bands being used in the
likelihood analysis.

The likelihood function is written in terms of the Signal
(u*—e*y), Radiative decay (u*—e*vev,y) and Accidental
background (an e* from standard muon decay and a y from
radiative decay or annihilation-in-flight) number of events,
weighted by their PDFs. The Signal PDF is the product of the
correlated variables Ee, B¢y, Oey, teyand the uncorrelated £,. The
Radiative decay PDFisthe product of tey (Which isthe same as
for the signal) and the other remaining correlated variables
folded with the detector response functions. The Accidental
PDFis the product of the five measured variables in the side
bands.

The confidenceintervalonthe numberofu*—e*ydecays (Nsig)
is computed based on a frequentist approach, with profile
likelihood ratio ordering and converted into a branchingratio
value by normalizing Nsig to the number of stopped muons.
The observed profile likelihood ratios as a function of the
branching ratio for 2009, 2010, and the combined data sam-
ple are shownin Figure 3. The analysis of the full data sample
givesa90% C.L. upperlimitof 2.4x107"2[3], which constitutes
the most stringentlimitonthe existence ofthe u*—e*ydecay,
afactor5 better than the previous best upper limit.

The systematic uncertainties for the parameters of the PDFs
and the normalization factor are taken into account in the
calculation of the confidence intervals by varying the PDFs
accordingtotheuncertainties. The larger contributions tothe
systematic uncertainty come from the uncertainties of the
offsets of the relative angles, the correlations in the positron
observables, and the normalization. This amounts to a shift
of about 2%, in total, in the branching ratio upper limit.
During 2011, the MEG experiment collected a data sample
comparable to the 2009+2010 statistics and plans to con-
tinue data-taking with the aim of reaching a branching ratio
sensitivity of a few times 107" during the next few years.

The CMS Experiment

Bsparticles are bound states of a bottom and a strange quark.
They are produced copiously at the Large Hadron Collider
(LHC) —the proton-proton colliderat CERN (Geneva). The frac-
tion that subsequently decays (known as the ‘branching
fraction’) into a pair of easily-detected muons is strongly
suppressed in the Standard Model (SM) — only about three
such decays are expected per billion Bs particles produced.
Many extensions of the SM, e.g. supersymmetric models,
predict substantial enhancements ofthis branching fraction,
thanks to new particles that would contribute to the decay
throughvirtual quantum fluctuations. Therefore, any enhance-
ment of this branching fraction would be indicative of ‘new
physics’.

The PSlanalysisteam has searched with the CMS experiment
forthe decays of Bs particles (and B® particles, the bound state
of a bottom and a down quark) to muon pairs using proton-
proton collision data collected up to June 2011. A challenging
aspect of this search is reducing the very large background
from other B-hadron decays or particles misidentified as
muons. The pixel detector, designed and built at PSI, is a
crucial detectorto distinguish between signal candidates and
background.

The number of candidate decays observed in the available
data sampleis so far consistent with Standard Model expec-
tations (including both signal and background). Given the
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Figure 4: lllustration of a proton-proton collision event with two muons (red lines) that are consistent with arising from a Bs decay.
The green lines indicate the trajectories of charged particles and the green blocks show the energy deposits in the electromagnetic
and hadronic calorimeter. The transparent blocks illustrate detector elements of the CMS experiment.

absence of a significant excess, CMS has excluded (ata 95%
confidence level) branchingfractions largerthan1.9x10-8 and
4.6x107? forthe decay of Bs and By particles, respectively. At
the EPS HEP conference (July 2011), this result was combined
with the result of the LHCb collaboration to obtain an upper

Figure 5: The pixel detector at the centre of the CMS after the
installation stage at CERN. (Photo: H.R. Bramaz)

limit of 1.1x1078. This is particularly interesting because an
excess of the decay of a Bs particle into two muons was re-
portedin June 2011 from the CDF experiment at the Tevatron.
Results from the LHC experiments CMS [4] and LHCb do not
confirm the CDF results.

The datathat CMS collected inthe remainderof 2011, and the
additional data expected to be collected in 2012, will signifi-
cantly extend the sensitivity down to smaller branching frac-
tions, eventually to the level of the SM expectation of 3x107°.
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Diamonds are Forever —
Nanofocusing of hard XFEL radiation

Christian David, Sergey Gorelick, Simon Rutishauser, Petri Karvinen and Vitaliy A. Guzenko, Laboratory for Mi-
cro- and Nanotechnology, PSI, and Oliver Bunk, Laboratory for Macromolecules and Bioimaging, PSI;

Jacek Krzywinski, Marco Cammarata and David M. Fritz, Stanford Linear Accelerator Laboratory, Menlo Park, USA;
Liubov Samoylova, Jan Griinert and Harald Sinn, European XFEL, Hamburg, Germany

While the X-ray laser SwissFEL is in its planning phase, the development of suitable instrumentation has already
started. An international team of researchers, led by PSI, has succeeded in focusing hard XFEL radiation to sub-
micron dimensions. In order to avoid damage by the intense radiation pulses, it was essential to produce novel
diffractive lenses from diamond. The unprecedented radiation densities in the focus will enable X-ray scientists

and biologists to reveal the interaction mechanisms of complex biomolecules.

Atseverallocationsintheworld, anew generation of radiation
source based on the X-ray free-electron laser (XFEL) principle
is emerging. In 2010, the Linac Coherent Light Source, LCLS,
at Stanford, USA, started delivering first laser pulses in the
hard X-ray range and the SACLA source in Hyogo, Japan, went
into operation in 2011. Such sources emit extremely short
radiation pulses (typically 100 fs (= 107" s)), a billion times
brighterthan conventional synchrotron sources. The SwissFEL
facility planned at PSlwillhave comparable beam properties,
and is expected to give new insights in various fields of sci-
ence, such asatomic physics, condensed matter physics and
ultra-fast femtochemistry.

Diffract and destroy

The highest expectations are of the feasibility ofimaging single
macro-molecules, such as proteins, with atomic resolution, in

order to understand their structure and biological functional-
ity. Such experiments are extremely challenging. As the incident
radiation willinstantly destroy the molecules, itis essential to
collect sufficient scattered intensity from single molecules
using only a single laser pulse. This way, the relevant image
information can be collected with femtosecond exposure, fast
enough to outrun the mechanisms of radiation damage — an
approach termed “diffract and destroy”. However, as biomol-
ecules are only weakly scattering, it requires focusing of the
already extremely bright pulsesinto the smallest possible spot,
in orderto reach sufficiently high radiation levels.

Reflection vs. diffraction

The facilities at Stanford and Hyogo intend to use X-ray mirror
systems forhigh-resolution focusing, while we have pursued
an alternative approach based on Fresnel lenses. Instead of

]

Figure 1: Fresnel lens made of diamond for the nanofocusing of intense X-ray laser pulses. The lens diameter is 0.5 mm, just large

enough to collect the full laser beam. The outer ring structures are 100 nm wide.
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Figure 2: XFEL pulses focused by a Fresnel zone plate create craters in a metal-coated glass surface by ablation. At full pulse power, the
diameter is several micrometers (left). For strongly attenuated pulses, the crater size is reduced to 500 nm (centre) or 200 nm (right).
The focal spot size and peak radiation density can be derived from such experiments. Molten glass is ejected from the substrate,
sometimes forming sharp tips at the centre of the crater. The photon energy was set to 8 keV.

reflection, these devices focus X-rays by diffraction by ring-
shaped grating structures with dimensions of the order of
only 100 nanometres, which are fabricated using high-reso-
lution lithography processes on membranes transparent to
X-rays (see Figure 1). Such diffractive lenses are commonly
used for high-resolution imaging at synchrotron-based X-ray
microscopes. However, their application at X-ray lasers had
not previously been seriously considered. It was predicted
thatthetiny nanostructureswould be too fragile to withstand
the extremely intense XFEL radiation. Indeed, we confirmed
in an experiment at the Stanford X-ray laser that conven-
tional Fresnel lenses made of gold nanostructures melted
down within seconds of exposure to the full beam of LCLS.

Diamonds are forever

Diamond providesanideal alternative, due toits unsurpassed
thermal conductivity, temperature stability and low X-ray
absorption. However, ithad neverbeen used as a material for
diffractive X-ray lenses, therefore requiring the development
of a dedicated nanofabrication process.

In order to enhance the diffraction efficiency, the diamond
structures were filled with Iridium by collaborators at the
University of Helsinki. It turned out that this combination ofa
refractory metal in close thermal contact with a diamond
matrix canresistthe radiation levels of the Stanford X-ray laser.
To obtain the maximum possible radiation density, itis crucial
to concentrate the X-ray photons onto the smallest possible
spot. A measurement of the focal size using conventional
methods, such as the scanning of a test structure, could not
be applied here. The extreme peak powerin the focus would
have ledto the perforation ofany objectinthe beam. Instead,
we used this effectduring afirst experimental run atthe Stan-
ford laserby measuringthe size of craters created ona sample
surface (see Figure 2) at varying levels of beam attenuation.

Afocalsize 0f 320 nmwas derived from these experiments as
the best value ever recorded with XFEL radiation.

Moreover, a record-breaking power density of 4x10" W/cm?
was achieved. For a molecule at the focal point, this corre-
sponds to a dose of about 10,000 X-ray photons peratom.

Room for improvement

Itremainsto be seenifthisis sufficientforsolving the structure
of single molecules. The performance of the focusing optics
can, however, still be significantly improved. The diffraction
efficiency has meanwhile been improved from only 10% to
above 30% by stacking two Fresnel lenses on top of each
other. In addition, the spot size obtained was limited by the
inevitable chromatic aberrations of the diffractive optics. The
bandwidth ofaround 0.2% ofthe LCLS pulses ledtoanincrease
of the measured spot size by a factor of 3 compared with the
diffraction-limited value. Newer XFELs, such as SwissFEL, will
be based on seeded emission with reduced bandwidth, and
should thus enable us to reach smaller foci, of the order of
only 100 nm. Improved efficiency and a tighter focus will lead
toastrongenhancement ofthe peakdose available forimag-
ing. Values exceeding 10° photons per atom in a single fem-
tosecond pulse are within reach.
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True 3D nanofabrication in polymers

Helmut Schift and Arne Schleunitz, Laboratory for Micro- and Nanotechnology, PS/

Three-dimensional surface topographies have been fabricated using a combination of greyscale electron-beam

lithography and thermalreflow. The method is based on the dependence on molecular weight of glass transition

temperature variations after exposure and can be used for the fabrication of moulds with both sharp features

and continuous profiles. These topographies can be replicated in established mass fabrication processes, such

as roll-to-roll and injection moulding. New applications in optical and biotechnology become possible when

smooth surfaces with lens- and prism-like shapes are needed.

Current micro-and nanofabricationtechniquesinvolve resist
patterning methods using photon, X-ray or electron-based
lithography. Complexelectronic functions can be realized step
by step, which is a prerequisite for processors and memory
chips in computers and other electronic devices. More and
more applications in optics and biotechnology make use of
the patterning capabilities of modern lithographic tools, but
they are often restricted to the two dimensions given by the
‘black and white’ masking process (called ‘binary’).

Simple three-dimensional (3D) shapes, such as lenses or
prisms, neededto collectlightinto the pixels of detector chips
in digital cameras, orto direct light into the waveguide of an
integrated optical circuit, cannot be fabricated this way. Al-

though modern lithographictools enable greyscale patterning

by dose modulation ofthe writing beam during exposure, the
resulting shapesresemble more closely the continuous step-
by-step patterning known from binary lithography than the
true 3D patterning needed for prisms and lenses. Thus, alter-
native technology approaches are required to enable novel
products. We have developed a process which enables the
fabrication of a variety of true 3D shapes with smooth sur-
faces (Figure 1) [1, 2]. This is possible because we make use
of a physical coincidence in manufacturing which occurs in
two fields of patterning techniques forthin polymerfilms used
at PSl: exposure by electron-beam lithography (EBL) and
thermal processing by nano-imprint lithography (NIL) [3]. In
EBL, the ability ofthe polymerto be etched by specific solvents
whenimmersedinwetdevelopersolutionis highlydependent

Figure 1: Scanning
electron micrographs of
a variety of 3D shapes
in resist fabricated by a
combination of
greyscale electron-
beam lithography and
selective thermal
reflow (typical lengths
of slopes are 2to 5 ym).
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Figure 2: A molecular weight (M) reduction of PMIMA resist upon
electron-beam exposure results in a reduction of the glass
transition temperature, Ty, of almost 30 K, which allows selective
reflow.

on its specific molecular weight, M,, which corresponds to
the length of polymeric chains. Similarly, in NIL, the polymer’s
ability to move and flow when heated above a specific tem-
perature, characterized by the glass transition temperature
Tg, depends on M, too.

Because the molecular weight is modified by exposure, we
can selectively etch and flow according to a layout. Since we
usethe same polymerforboth processes (poly (methyl meth-
acrylate), also known as PMMA or Plexiglas), we are able to
combine these two processes and to generate true 3D struc-
tureswith awide range of shapes. Togetherwith experts from
polymer science, we have clarified the underlying polymer
physics and were able to define processing windows
(Figure 2). Thisway, we can even smoothen out stepped shapes
inone area of the masked waferand leave others unaffected.
This is needed by a growing number of research activities
emerged from the technology-driven academic community,
aswell as application-driven industry. Applications include,
for example, optical elements for LED backlighting in flat
panel displays as well as enhanced micro- and nanofluidics
forthe life sciences (Figure 3).

3D applications in industry and research

The processwas developed and firstused by PSlin the frame-
work of NaPANIL (nanopatterning, production and applications
based on nanoimprintlithography), a European-funded Large-
Scale Project, together with 16 partners from industry, aca-
demiaand private institutes (2008—2012) [4]. The projectaims
to create scalable nanomanufacturing processes forarbitrary
3D surfaces with features well below 100 nm, in the fields of
optical components and life sciences. Three innovative in-
dustrial applications were selected that need advanced
processingtechniques fordevices with 3D surface structures,
for which solutions were not known or lacked the design
freedom needed to generate optimized shapes according to
theirfunction. In this framework, PSI’s new capability to fab-
ricate 3D structures via selective reflow has contributed sig-
nificantly towards achieving this goal. The 3D structures will
be used to generate stamps which, in turn, can be used in
high-volume production, such as hot embossing, roll-to-roll
embossingandinjection moulding. We will further exploitthe
capabilities of the patented process in future collaborations,
particularly in the framework of the INKA Institute — a joint
venture with the University of Applied Sciences Northwestern
Switzerland, in Windisch.
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Structure of flagella by cryo-electron tomography

Takashi Ishikawa, Laboratory of Biomolecular Research, PSI

Three-dimensional structural analysis is essential for our understanding of biological mechanisms. However, to

cover structures at various scales and over different resolution ranges, we need interdisciplinary approaches. In

addition to X-ray crystallography and X-ray imaging, biological transmission electron microscopy is starting at

PSI. In this article, we want to give an overview of electron microscopy as a method for reconstructing the 3D

structure of biological specimens, referring to our recent studies on flagella, which constitute the bending ap-

paratus of eukaryotic cells. They enable cells to swim or cause extracellular fluid to flow through the lung and

the kidney.

Visualization of the three-dimensional structure of biological
molecules, macromolecular complexes, organelles and cells
gives us indispensable information towards understanding
the mechanisms of biological functions. Knowledge of a 3D
structure also enables us to build strategies for designing
drugs. Awidevariety of activities forbiological structural stud-
ies has already been started at PSI, and recently a new meth-
odology was added: cryo-electron microscopy (cryo-EM) and
tomography. The possibilities and unique biological insights
obtainable by this methodology will be discussed below.

Electron microscopy for biology

X-ray crystallography and NMR (nuclear magnetic resonance
spectroscopy) are two majorapproaches foranalyzing the 3D
structure of biological molecules and macromolecular com-
plexes. With these methods, atomic structure can be revealed
(at3.5 A orhigher resolution), which gives us precise knowl-
edge about biochemical reactions occurring inside, or be-
tween, biological molecules (see [1] in this report). However,
for crystallography and NMR, target molecules (proteins or
nucleic acids) must be purified. Molecular structures in the
cell cannot be seen with these methods. On the contrary,
optical microscopy is a powerful technique for visualizing
entire cells and, with antibody labelling or fluorescent tags,
locating molecules of interest in the cell. However, optical
microscopy cannot achieve enough resolution to reveal the
3D conformation of molecules. Recent developments in X-ray
microscopy might enable higherresolution, butit will still be
difficult to visualize the 3D structure of molecules in cells.
Since biological molecules in our body function through

complexanddynamicinteractionswith othermoleculesinside
the same cell, we are keen to see the molecular structure in
such an intact state.

Cryo-EMisasuitabletechnique foranalyzing the 3D structure
ofhighlycomplexbiological molecules andtheirinteractions.
Abiological specimenis embeddedinamorphousice, either
by plunge freezing (fora thin sample, such as one composed
of molecules or organelles) or by high-pressure freezing (for
a thick sample, such as one of eukaryotic cells). Electron
micrographs of a frozen sample are obtained from various
orientations and merged to form a 3D image of the structure.
There are two practical ways of obtaining images from differ-
ent orientations. When there are many objects which share
the identical structure but show different orientations (for
example, purified molecules in solution), it is possible to
determine view angles by computation (single-particle anal-
ysis). When the target is heterogeneous (such as cells) and
there are no other objects with identical structure, different
views can still be obtained by tilting the specimen in the mi-
croscope. This method uses the same principle as computed
tomography and is called electron tomography.

Interdisciplinary biological imaging

As mentioned above, X-ray crystallography, NMR, EM as well
as X-ray and optical microscopy do not compete with each
other; they complement each other. Molecules (proteins,
nucleic acids) are solved at atomic resolution by crystallog-
raphy or NMR. These structures will be fitted to the density
map obtained from cryo-EM (orelectron tomography) to build
the atomic structure of large complexes and organelles.
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Figure 1: Diagram of interdisciplinary biological imaging. Top
right: Dynein structure by crystallography. Second from top:
Flagella structure by cryo-electron tomography.

Figure 2: The 3D structure of one of nine microtubules from
flagella revealed by cryo-electron tomography (top) and the
molecular architectures of dynein motor proteins (red and blue),
with regulators (bottom).

X-ray and optical microscopy give us a view of entire cells
(Figure 1). To understand biological functions, we need to
combine a number of methods.

Structure of flagella

We have analyzed the 3D structure of flagella/cilia by cryo-
electron tomography. Flagella are bending organelles (~0.3
pumthicknessand5~10 um length) which enable cells to swim
(for example, in sperm) or cause extracellular fluid to flow
through the lung and the kidney (in embryo, this fluid deter-
mines the right- and left-hand sides of our body). Flagella
consist of nine microtubules (components of the skeleton of
the cell) surrounding two microtubules. They are connected
by regulator complexes called radial spokes [2]. We extract
flagella from green algae Chlamydomonas (on the left in
Figure 1) to make a specimen thin enough for EM. By merging
electron micrographs of frozen flagella seen from different
orientations, we have obtained the 3D structure of the entire
flagellum (second from the top, on the right of Figure 1). From
this analysis, the detailed molecular architecture in flagella
was revealed. It was known that dynein motor proteins are
responsible for flagellar bending motion. Dynein (red in the
second diagram from the top, on the right of Figure 1) causes
sliding of nine microtubules (grey). Our tomography proved
that dyneins form longitudinal arrays (red in Figure 2) and
vertical stacks (blue), with the tail oriented towards the tip of
the flagella and the head towards its base, to enable regula-
tion of bending and acceleration, respectively [3, 4]. Each
dynein consists of aring-shaped head and a tail, discovered
from crystallography by other groups [5, 6]. We have proved
thatdynein causes reconformation of the tail to shift the ring
and generate force [7].

From further analysis by electron tomography, we expect to
reveal the mechanism of motility and the regulation of fla-
gella. Combination with X-ray imaging may enable us to visu-
alize the flagella in entire cells.
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The molecular basis of vision

Jorg Standfuss, Xavier Deupi and Gebhard F. X. Schertler

Laboratory of Biomolecular Research, PSI

Our visual sense is based on the absorption of light by photosensitive pigments in the retina of the eye. These
visual pigments, or rhodopsins, include the Vitamin A derivative retinal as the actual light-sensitive molecule.
Absorption of light changes the structure of the retinal molecule from the deactivating, inverse agonist cis form
to the fully activating agonist trans form. This initial step triggers nucleotide exchange in the visual G protein as
the next step in the visual cascade. Our recent crystal structures of light-activated rhodopsin containing trans
retinal provide animportant frame to understand the molecularbasis of ourvisual sense. In addition, they provide
the most native-like models on which to study conserved features in the activation mechanism of other members
of the G protein-coupled receptor (GPCR) family - a large family of membrane proteins mediating messages
transported via various mechanisms, including hormones, neurotransmitters and olfactory stimuli.

A structural view of rhodopsin activation

We are studying the structural changes in rhodopsin using
stabilized, constitutively active mutants that favourthe active
conformation of the receptor. Co-crystallization of light-acti-
vated mutants with the C-terminus of the catalytic G protein
subunit (GaCT), and data collection using the crystallography

beamlines atSLS, allowed usto determine X-ray structures of
the fully active metarhodopsin-Il conformation [1, 2]. Com-
parisonwith the structure of dark-adapted rhodopsin provides
directmolecularinsightsinto how light-induced isomerisation
of retinal translates to the structural changes in the receptor
that allow the G protein to bind (Figure 1). Opening of the G
protein-binding siteis characterized by a displacementofthe
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Figure 1: The human eye (A) contains highly specialized pigments (rhodopsins) that bind retinal as photoactive chromophore. Light-
induced isomerization of retinal (B) leads to conformational changes in rhodopsin and the formation of the activated photopigment
metarhodopsin-Il. The crystal structure of metarhodopsin-II (C) allows exciting insights into the molecular basis of our visual sense.
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Figure 2: Stabilizing effect of the constitutively active M257Y
mutation. The 2Fo-Fc density map (A, blue mesh, contoured at
1.50) obtained by crystallographic analysis of M257Y rhodopsin
allows clear positioning of the tyrosine substitution (green)
between the highly conserved NPxxY (dark blue) and E(D)RY
sequence motifs (salmon) that bind the G protein peptide GaCT
(orange).

cytoplasmic side of TM6 and originates from three intramo-
lecularactivation pathways through TM5/TM3, TM6 and TM7/
T™M2 [3].

Conserved GPCR activation pathways

Besides ourvisual sense, GPCRs mediate cellularresponses
to an extensive array of hormones, neurotransmitters and
olfactory stimuli. Despite the relevance of these proteins in
human physiology and pharmaceutical research, we have
only recently started to understand the structural basis of li-
gand bindingand activation. Inthe period 2008-2011, active-
like structures of three GPCRs were solved. Among them, our
structure of light-activated metarhodopsin-Il represents so
far the most native-like model of an active GPCR. As such, it
isanimportanttemplate to understand how agonists activate
GPCRs and to what extent this mechanism is conserved
throughout the extensive GPCR family [4]. This question is of
paramount pharmacological interest, as 30% of all commer-
cially available drugs target the GPCR-mediated signalling
gateways for medical intervention.

Constitutive activity as a cause of diseases

Constitutively active mutants are ubiquitously found among
GPCRs and are often related to pathologic outcomes. Many
wild-type GPCRs have intrinsically high levels of basal activ-

ity with important functional implications, for example to
GPCR subtype specificity. Our structures of constitutively
active mutants help us to understand constitutive activation
onastructural level and, by extension, variable basal activity
levels among different members of the GPCR family. In many
cases, constitutive activity originates from disruptions in
helix-helixinteractions and a resulting destabilization of the
inactive conformation. Our crystal structures provide two
examplesinwhich the molecularbasis for constitutive activ-
ity has other more specific components. In the first case, the
effect originates from modifications in the ligand-binding
pocketand, inthe second case, through a stabilization of the
G protein-binding site (Figure 2).

Itthus appears necessary to investigate the molecular caus-
es of constitutive activity on a case-to-case basis. This is es-
pecially true for rhodopsin mutants that cause hereditary
diseases, such asretinitis pigmentosa or congenital station-
ary night blindness, where specific molecular causes may
open up the possibility for directed intervention by small
molecular drugs.
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Haptocorrin-selective Cobalamin derivatives
for specific tumour-targeting
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" Center for Radiopharmaceutical Sciences, ETH-PSI-USZ (joint institution of ETH Zurich, PSI and the

University Hospital Zurich)
2 Laboratory for Biomolecular Research, PSI

Cobalamin (Cbl, Vitamin B12) derivatives can be used for tumour targeting, because proliferating cells require

high amounts of the vitamin. We recently described novel Cbl derivatives which accumulate in certain tumours

by an unknown, alternative mechanism, presumably mediated by the transport protein haptocorrin. We have

now analysed the biodistribution of a haptocorrin-selective Cbl derivative in mice with human lung cancer and

found specific accumulation at the tumour site. To further study its ligand specificity based on the crystal struc-

ture and ligand binding assays, haptocorrin was recombinantly expressed in mammalian cells. Ourinsights can

now be used for future design and evaluation of Cbl-derived conjugates for diagnostic or therapeutic drug deliv-

ery to haptocorrin-expressing tumours.

Haptocorrin-selective Cbl-derivatives
accumulate in tumours

Haptocorrin-selective cobalamin derivatives specifically ac-
cumulate in some tumours, including lung adenocarcinoma
and melanoma [1]. We have established a mouse model of
human lung adenocarcinoma (HCC827 cells), which is spe-
cifically targeted by a **™Tc-labelled Cbl derivative (°*™Tc-
PAMA4-Cbl, Figure 1).

Invivo, this derivative travels a different pathway than normal
Cbl, because bindingto transport proteins, with the exception
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Figure 1: Biodistribution of the haptocorrin-selective Cbl
derivative *™Tc-PAMA4-Cbl in a nude mouse with xenografted
human lung cancer.

ofhaptocorrin,isabolished. This results in favourable tumour
targeting properties. Because haptocorrin-selective Cbl de-
rivatives do not accumulate substantially in healthy organs
(e.g. kidney or liver), they are promising vehicles to specifi-
cally delivercytotoxic payload tothe tumoursite. Furthermore,
haptocorrin accepts arelatively broad range of Cbl derivatives,
andtherefore permits functionalisation of Cblwithout loss of
binding affinity.

Crystal structure of recombinant haptocorrin

Haptocorrin is a heavily glycosylated protein (40% carbohy-
drates). Unlike the other two Cbl transport proteins (transco-
balamin and intrinsic factor), recombinant expression and
crystallisation have not been reported so far. We successfully
expressed recombinant human haptocorrin in HEK293-RicR
cells and purified it to >98% purity after Ni?* affinity and size-
exclusion chromatography. Crystals of the protein were ob-
tained by the sitting-drop vapour diffusion technique. Diffrac-
tion data were collected from single crystals atbeamline X06SA
at the Swiss Light Source and the structure was solved with
molecular replacement and refined to a resolution of 2.6 A.
The overall structure of the protein is very similar to the two
otherknown Cbltransport proteins, with atwo-domain architec-
ture and Cbl buried at the interface of the two domains (Figure
2).However, keyaminoacidsinthe Cbl-binding site differamong
the three proteins and may contribute to ligand selectivity.
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Figure 2: Structure of haptocorrin-Cbl complex. The ligand Cbl is
buried between the two domains of the transport protein.

Evaluation of novel B12-derivatives for
tumour targeting

With the crystal structures of all three transport proteins
known, specific Cbl derivatives can be designed and further
studied in vitro and in vivo. We used a thermal shift assay to
studythe bindingability of various Cblderivatives to the three
known transport proteins. Ligand binding to a protein can
stabiliseits native state and increase the meltingtemperature,
Tm, of the protein-ligand complex when compared with the
apo-protein. Binding of Cbl to haptocorrin raises its Tm by
around 20°C (Figure 3). This substantialincrease in Tm reflects
the extremely high affinity of Cblto haptocorrin (Ko <pM). Most
haptocorrin-selective ligands show a slightly lower increase
in T upon binding. We are currently investigating different
novel classes of Cbl derivatives, including Pt(Il)-conjugates
[2], which could be used to specifically deliver cytotoxic
platinum to tumour cells, or Cbl-mimics containing a peptide
backbone [3]. Furtherin vivo studies are envisaged, to inves-
tigate the therapeutic potential of such new classes of Chl-
based drugs.
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Figure 3: Melting temperatures of haptocorrin and transcobala-
min without ligand and in complex with Cbl-based ligands.
Cobinamide and PAMA(4)-Cbl are haptocorrin-selective ligands.

Conclusions

We have shown that haptocorrin-selective Cbl derivatives
specificallyaccumulate inalung carcinoma xenograft. In ad-
dition, we were able to express high amounts of pure recom-
binant haptocorrin and solved its crystal structure. Unique
structural features that account for ligand selectivity, to-
gether with ligand binding studies, can be used for future
design and evaluation of Cbl-derived conjugates for diagnos-
tic or therapeutic drug delivery to haptocorrin-expressing
tumours.
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Folate Receptor Targeted Radionuclide Tumour
Therapy using a novel Folate Radioconjugate
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Center for Radiopharmaceutical Sciences ETH-PSI-USZ, Paul Scherrer Institute and Department of Chemistry

and Applied Biosciences, ETH Zurich

Targeting the folate receptor (FR) with folate-based radiopharmaceuticals has emerged as a valuable strategy

forimaging and therapy of cancer. However, the generally high renal uptake of radiofolates presents a significant

drawback for therapeutic application because of potential damage to the kidneys by particle radiation. Herein,

we report the design and evaluation of a novel folate radioconjugate with an albumin binding entity, which im-

proves the pharmacokinetic properties significantly, allowing, for the first time, the application of FR-targeted

radionuclide therapy in a mouse model with human cancer xenografts.

Background

The folate receptor (FR) has emerged as a valuable tumour
markerfornuclearimaging with folate-based radioconjugates
[1,2]. Duetothe high frequency of cancerdiseasesthat express
the FR (e.g. ovarian, cervical, lung, kidney and colon cancers),
a therapeutic application would be of considerable interest
[3]. In this respect the generally high renal accumulation of
radiofolates presents a significant drawback, because of the
risk of damage to the kidneys by therapeutic radiation [4].
Thus, the establishment ofamethod forincreasingthe tumour-
to-kidney ratio of radioactivity is a prerequisite for a thera-
peutic application of folate-based radiopharmaceuticals.

compound 2

Figure 1: Chemical structures of the novel DOTA-folate conjugate
with an ablumin binding entity (1) and the control compound (2).

Aim of the study

We hypothesized that increasing the circulation time of a folate
radioconjugate would improve the tumour uptake while, at the
same time, reducing undesired retention of radioactivity in the
kidneys. This goal could potentially be achieved by the installa-
tion of an albumin binding entity which interacts with this long-
circulating serum protein. The aim of this study was therefore to
develop and evaluate a novel folic acid conjugate comprising a
small molecular-weight albumin binding entity (Figure 1).

Novel design of a folate radioconjugate

Folicacidwas functionalized with a1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetate (DOTA)-chelating system for
coordination of radiometals (Compound 2, Figure 1). The
novel folate conjugate 1 comprised, in addition, an albumin
binding entity [5] which had previously proved to increase
circulationtime of small moleculesin the blood (Figure 1) [6].
Radiolabellingwas performed with lutetium-177 (8-, ti/,=6.7d)
at a specific activity of 40 MBg/nmol and a radiochemical
yield of >98%. Both radiofolates (7Lu-1 and ""Lu-2) were
stable (>99%) in human plasma in vitro over several days.
Uptake and internalization of 77Lu-1in FR-positive KB tumour
cells was high and FR-specific and thus comparable to the
control compound 7Lu-2. Ultrafiltration of 77Lu-1in plasma
revealed significant binding to serum proteins compared with
unmodified 77Lu-2, which did not display albumin binding
properties.
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Figure 2: Biodistribution data of '7’Lu-1 and the control
compound "77Lu-2.

In-vivo biodistribution studies

Thetissue distribution of the novel 77Lu-DOTA-folate (77Lu-1)
resulted in an unprecedentedly high tumour uptake (17.56%
ID/g, 4h p.i.), which was almost completely retained over at
least 72h (Figure 2). In addition, kidney retention was sig-
nificantly reduced (~28% ID/g, 4h p.i.) compared with previ-
ously obtained results with DOTA-folate conjugates [4, 7] and
the control compound '7Lu-2 (~70% ID/g, 4h p.i., Figure 2).

Pilot therapy study in tumour mice

In apilotradionuclide therapy study, two groups (A and B) of
five mice each were injected with either only saline (A), or
with 20 MBq of the novel 7’Lu-radiolabelled DOTA-folate 1
(B). We observed a significantinhibition of tumour growth in
treated mice compared with mice which received only saline
(Figure 3).

The differenceintumoursize between mice of Group Aand mice
of Group Bis shownin Figure 3, in pictures of one representative
mouse of each group taken at Day 17 aftertherapy. As a conse-
quence ofthe reduced tumourgrowth aftertherapy, survival of
the mice in Group B was significantly prolonged (>2-fold)
compared with that of the untreated controls (Group A).

Conclusion

Modification of a folate conjugate with an albumin binding
entity (compound 1) had a positive influence on the absolute
tumouruptake and on the tumour-to-kidney ratio, which was
increased >5-fold. These findings represent a breakthrough
in the field of FR-targeting, because they allow, for the first
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Figure 3: The graph shows the relative tumour size of untreated
control mice (Group A, red) and of treated mice (Group B, blue).
The pictures of one representative mouse of each group were
taken on Day 17.

time, the therapeuticapplication ofafolicacid radioconjugate.
Preliminary results of a therapy study in KB tumour-bearing
nude mice indicate the promising potential ofthe novel 7Lu-
DOTA-folate conjugate ("77Lu-1) for effective and safe thera-
peutic application.
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Beam-assisted girder re-alignment at the SLS

Michael Boge, Karsten Dreyer and Andreas Streun, Department of Large Research Facilities (GFA), PSI;

Edi Meier, edi meier + partner AG, Winterthur, Switzerland

Emittance, the product of particle beam size and divergence, represents to what extent beams can be concen-

trated and thus defines performance of light sources, colliders or particle factories. In electron storage rings,

synchrotron radiation determines emittance. Horizontal emittance is largely specified by beam energy and ring

circumference, whilethe vertical one has an ideally very small natural limit. By March 2011, the vertical emittance

at the SLS had already improved to < 2 pm-rad at 2.4 GeV, with the limitation given by spurious vertical disper-

sion, n,. Magnet alignment data were analyzed in order to localize the sources of n, and to eliminate them by

re-alignment of the supporting girders. Within seven months in 2011, the girders were adjusted remotely with a

stored beam and fast orbit feedback running, which culminated in a world-record emittance of 1 pm-rad being

established in December 2011. This result will lead to an improved beam quality for the SLS users.

Introduction

Light sources like PSI’s Swiss Light Source (SLS) need well-
defined control of the vertical emittance in order to limit
particle losses at low-gap in-vacuum insertion devices. Fur-
thermore, hard X-ray beamlines can potentially make use of
thevery smallbeam sizes of =1 pm RMS (estimated for 1pm-rad
at the centre of the SLS short straight sections). For R&D on
this subject, the work package “SLS Vertical Emittance Tuning”
(SVET) was included in the project “Test Infrastructure and
Accelerator Research Area” (TIARA), which started in January
2011 within the Seventh EU Framework Programme (FP7) [1].
Minimization of the vertical emittance is accomplished by
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Figure 1: Quadrupole misalignments (+) in the sectors to left and
right of the injection straight. The red line is the corresponding
girder fit for eight girders (G45-48, G01-04). The deviation of the
individual quadrupole errors from the fit (x) exhibits an RMS of
~18 ym. The alignment measurement error amounts to =10 ym
over a distance of 2 m.

reducing betatron coupling and spurious vertical dispersion
to very small values. However, even after excellent (=5 pm
RMS) beam-based alignment (BBA) of beam position monitors
(BPMs) with respect to adjacent quadrupoles, mechanical
misalignments of the magnets cause orbit deviations in
quadrupoles and sextupoles and require excitation of dipolar
correctors for orbit correction, thus exciting significant beta-
tron coupling and spuriousvertical dispersion, n,. Correction
of this effect requires the introduction of extra skew quadru-
poles at dispersive (nx> 0) and non-dispersive (N« = 0) loca-
tions ofthe lattice in orderto control spurious vertical disper-
sion n, and betatron coupling. At the SLS, 12 dispersive and
24 non-dispersive skew quadrupoles have been installed for
this purpose.

Beam-assisted girder re-alignment

In order to approach the ultimate limit of vertical emittance,
which has asits main contribution the presentn, measurement
resolution of =50 pm, sources of n, need to be eliminated.
After analysing the vertical corrector pattern, girder-to-girder
misalignments in the arc centres at the location of the central
dipoleswereidentified to be the majorsource of n,. The spatial
corrector pattern analysis requires an orbit correction scheme
based on singularvalue decomposition (SVD) oran equivalent
technique, utilizingalarge number of (or preferably all) eigen-
values in orderto localize the girder-to-girder distortions [2].

Analysis of vertical misalignment data taken in 2010 for all
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Figure 2: Proposed pitch (+) and heave (x) changes for all girders,
based on the quadrupole alignment survey data taken in 2010.
The girders were aligned to a smooth, non-zero reference line
(solid blue line).
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Figure 3: Vertical corrector strengths in Sector 1, before (red bars)
and after re-alignment (green bars), and after successive
beam-based alignment (BBA) of six quadrupole/BPM pairs
(magenta bars).

quadrupoles revealed that the corrector settings were close-
ly correlated to the measured vertical quadrupole positions.
Furthermore, the misalignments of the 177 quadrupoles are
highly correlated, since they are grouped on 49 girders, which
turned outto be the main source of the misalignments. As an
example, Figure 1 depicts the quadrupole misalignments in
the sectors adjacent to the injection straight. The deviation
ofthe individual quadrupole errors from the fit to the girders
shows an RMS value of only =18 pm, which is =10 times
smallerthan the fitted RMS girder misalignments.

The necessary pitch (vertical angle) and heave (vertical posi-
tion) changesforallgirders are summarized in Figure 2. Since
the suggested heave corrections exceed +0.6 mm, areference
line has been defined by the fit of a smooth function to the
corrections. The re-alignment of the girders to this non-zero
reference line does not affect machine performance, due to
its long spatial wavelength.

InApril 2011, the re-alignment campaign was launched, based
on the 2010 survey data. By the end of November, all girders
had been successfully re-aligned. The re-alignment was

merely done with a stored beam and running fast orbit feed-
back, since the girders are remotely controlled [3] and the
orbit effects of the proposed girder movements can be dy-
namically handled by the orbit correction system. This proce-
dure allows very precise control of the re-alignment process,
since the corrector variations within the feedback loop di-
rectly reflect the girder manipulations. Simultaneously, the
movement ofthe girdersis also monitored by the hydrostatic
levelling system (HLS) [4], which in most cases confirms the
vertical adjustment within a few um. As an example, the ver-
tical corrector strengths in Sector 1 are shown in Figure 3,
before and after re-alignment. It can be seen that the RMS
strength has reduced from 147 to 55 prad. Since the 17 m-long
arc vacuum chambers did not follow this movement com-
pletely, the successive beam-based alignment of sixquadru-
pole/BPM pairs ledto afurtherreductionto 38 urad. Asaside
effect, the reduction in corrector strength allows the current
range of the dipolar corrector power supplies to be reduced,
resulting in a significantincrease in their resolution.

Summary

A complete vertical re-alignment of the SLS was carried out
within seven months. The vertical dispersion, n,, was cor-
rected to 1.3 mm RMS using only half the dispersive skew
quadrupole strength with respect to the initial situation in
March 2011. The vertical corrector strength was reduced from
=130to =50 prad RMS. The procedure was based on the verti-
cal quadrupole alignment survey data taken in 2010 and in-
volved the remotely controlled movement of 49 girders, with
circulating beam and running fast orbit feedback. Based on
there-alignment, aworld-record emittance of 1pm-rad [5] was
achieved in December 2011. It is foreseen to re-survey the
vertical quadrupole positions in order to repeat the beam-
assisted re-alignment procedure.
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Proton Radiation Therapy at PSI —
Patient treatment in a non-hospital environment

Gudrun Goitein for the Radiation Medicine Team, Center for Proton Therapy at PSI

The use of charged particles, in particular protons, was first initiated in 1954 to take advantage of the possible

reduction of dose to normal tissues that were not affected by a tumorous disease and that had limited tolerance

toradiation. This baseline strategy has not changed for almost 60 years, neither for the use of charged particles

in medicine nor for conventionalradiotherapy. The developing world-wide use of linear accelerators in hospitals,

however, has triggered remarkable technical and physical developments that are challenging for existing and

planned proton therapy facilities, including those at PSI.

From the design of a prototype to an established
medical programme

Since 1997, when PSl had the first full-beam period for proton
radiotherapy usingits unique spot-scanning gantry, we have
annually reported on patient numbers and the performance
ofthefacility. The setting up ofthe ambulatory therapyinstal-
lation was initially ‘typical’ for particle therapy, as allbut one
of the facilities in the world were located in physics research
centres. The only hospital-based proton therapy facility was
at the Loma Linda University Medical Center in California,
where, since 1990, patients were, and still are, treated using
gantries as well as fixed horizontal beamlines. The beam ap-
plication at Loma Linda was, as in all other facilities, that of
passive scattering with the use of field-specific collimators
and compensators.

When introducing a new technology into medicine, itis man-
datory to define the medical needs and to understand the
possibilities and limitations of the technical/physical tool.
Usingthe advanced characteristics of spot-scanning technol-
ogy, and knowing the technical and physical characteristics
thatarerelevantfordefined anatomical regions and situations
ofdisease, influenced the choice ofthe indications forwhich
pencil beam scanning would be best suited, meaning where
scanned protonswould be most promisinginterms of precise
spatial dose distribution.

Deep-seated lesions in the area of the base of skull, menin-
giomas, sarcomas of soft tissue and bones and low-grade
gliomas, aswellas paediatrictumours, were chosen —in close
collaboration with the Swiss Radiation Oncology Centres —to
bethe histologies and sites we currently treat at PSI. Remark-
able long-term results, reported mainly by the group at the
Harvard Cyclotron in collaboration with the Massachusetts

General Hospital Boston, had been the basis forourdecision.
The operating conditions in a physics research institute, the
restrictions regarding indications, and the dependence on
patient referrals from outside PSI greatly limited the number
oftreatments, in particular during the first 9 years of the pro-
ject. However, we used the yearly shut-down months of PSI’s
main acceleratorasimportant periods to modify and improve
our technology, and our procedures with and around the pa-
tients, and to analyze treatment outcomes. Spot-scanning
beam applicationwas anin-house development of PSland it
had to be proven thatitwas safe, reliable and patient-friend-
ly. Mostimportantly, we had to demonstrate that the clinical
results met expectations based on published outcomes to
date. For example, the challenging treatment of chordomas
and chondrosarcomas of the base of skull very soon hecame
the main focus of our activities, and we were able to report
5-year outcomes (for admittedly still small patient numbers)
that supported spot-scanning proton radiotherapy as an ef-
fective and safe treatment modality.

Whatcould, onthe one hand, be perceived as a disadvantage,
namely the absence of a hospital environment with support-
ing medical infrastructure and the possibilities for larger
patientthroughput, onthe otherhand provided the necessary
time, infrastructure and multi-professional competence ofthe
physicsresearch environmentto design and realize the spot-
scanningtechnology with a gantry, including mandatory ele-
ments such as a 3D treatment planning program, soft- and
hardware forsafetyand controland many otherindispensable
components. This process was in line with one of PSI’s mis-
sions: totranslate excellent scientific knowledge and techni-
cal know-how into applications beneficial for society.

The medical programme with the prototype gantry providing
spot-scanning technology (known as “Gantry 1”) would not
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have grown, or even survived in the long-term, without a
dedicated beam source foryear-round operation. The positive
treatment results allowed us to apply to the Federal Office for
Public Health of Switzerland for obligatory coverage of treat-
ment costs, which was the precondition for investment in a
dedicated superconducting cyclotron (called COMET) that has
now been operational since 2007. This acceleratoris again a
prototype, the result of close collaboration between industry
and research institutes, including PSI. This compact super-
conducting cyclotron was very soon turned into an industrial
product by the companythatbuiltit, asinternationalinterest
in hospital-based proton therapy devices grew.

In 2007, the Division of Radiation Medicine was re-named the
CenterforProton Therapy, CPT. Having year-round beam avail-
ability for the medical programme allowed us to increase
patient numbers and to expand one particular activity that
exemplarily represents the medical need foroptimized three-
dimensional dose conformation: the radiation therapy of
paediatric patients. Children are growing organisms and each
canbelooked atasasingle, veryradiation-sensitive structure
inwhich the avoidance of dose deposition in healthy organs
ismandatory—andis, in general, highly challenging.1n 2004,
PSI extended the building for medical activities to include
space andinfrastructure forthe anaesthesia ofyoung children.
A professional collaboration was established between PSI
and the Department of Anesthesiology of the University Chil-
dren’s Hospital of Zurich. This has allowed us to safely perform
repeated anaesthesias andto offerthe necessaryrelated care.
Atotal of 20 children were treated under sedation during the
first two years of this service. The number of patients treated
underanaesthesia then grew to a total of over150 during the
years 2007 through 2011.

Paediatric patients are oftenincluded in multi-modality treat-
ment protocols with radiotherapy scheduled during fixed time
periods. The continuous beam availability made possible by
the dedicated cyclotron allowed ustoacceptchildrenin such
protocols andto provide proton therapywithoutviolating the
overall treatment protocol. Despite the absence of a hospital
infrastructure, the CPThas become the most active paediatric
radiation therapy unit within Switzerland, with capacity for
up to five children treated under anaesthesia per day. The
medical-oncological treatment, care and controls are pro-
vided by the University Children’s Hospital of Zurich.
Patients are referred through nationaland international oncol-
ogy centres and specialists. Patient selection is restricted to
the defined indications that are accepted by the Swiss Fed-
eral Office of Public Health and, consequently, the Swiss
Health Insurance System. Reimbursement is mandatory for
Swiss citizens and is also assured for patients of the Euro-
pean Union, based oninternational contracts formedical care.
Close and dedicated collaboration with other medicalinstitu-

Gantry 1

Figure 1: Layout of the medical facilities at PSI.

tions and hospitals is mandatory for an institution such as
the Center for Proton Therapy. Radiological support in indi-
vidualized and high quality is provided by the nearby Kanton-
sspital Baden —the largest hospitalin the eastern part of the
Swiss canton of Aargau. Rarely needed or desired hospitaliza-
tionis possibleinallsurrounding hospitals, the nearestbeing
theregional Asana HospitalatLeuggern, onlyabout 6km from
PSI. Apart from patient care, scientific interactions and re-
search projects have also grown from these collaborations,
proving the closeness and synergy that has developed be-
tween the research institute and the clinic.

From prototype to leading next-generation
technology

Gantry 1 has opened up a new path in proton radiotherapy.
Scanning proton beams can produce more conformal dose
distributions than passive scattering protons. Scanning is
applied without patient-specific individual hardware, such
as collimatorsand compensators. However, scanning beams
are, atthe same time, very sensitive to organ and target mo-
tion. The 3D dose distribution so far calculated and visually
represented by the treatment planning program assumes
static position and form of the penetrated tissue. However,
the motion of organs and targets results in changes of tissue
density in the beam path, which consequently can result in
incorrect dose deposition in the patient. Gantry 1 delivers
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Figure 2: The Gantry 2 treatment room.

beam spotswith about50 Hz, whichis “too slow” to eliminate
the effects of organ motion (e.g. breathing, peristalsis, pulsa-
tion). Therefore, we have so farexcluded moving targets from
ourtreatments (e.g. lung tumours, intra-abdominal lesions),
and thus not offered proton therapy for frequent diseases
such as lung cancer. Our novel technology of spot scanning
onagantry, introduced into medical practice 15years ago, has
challenged us, because of these limitations, to design a
second-generation gantry with a very high frequency of spot
delivery, allowing us to re-scan a moving target fast enough
to compensate for motion and its effects. Details of the Gan-
try 2 system have been described in previous scientific reports
and invarious publications [e.g. 1, 2].

Sincewetreated theveryfirst patienton Gantry1in December
1996, there has been substantial progress made in hard-and
software development, resulting in more versatile, more ef-
ficient and more powerful tools that are opening new doors
and possibilities. The design of Gantry 2 has, of course, ben-
efited from these developments. However, Gantry 2 is funda-
mentally a PSI innovation, the philosophy of which was
largely developed within the CPT. Based on our extensive
experience with Gantry 1, Gantry 2 was conceived in such a
way as to provide all the well-proven features of its predeces-
soraswellasintroducingtechnicalinnovationsthatovercome
the limitations of Gantry 1. A new nozzle design, with inte-
grated Beam’s Eye View X-ray system, new magnet designs,

and a new arrangement of sweeper magnets are only a few
details of this improvement. Gantry 2’s concept has been
described in previous reports. In addition, the medical-
technical peripherals that are state of the art in modern
photon therapy will also be included in the overall Gantry 2
System, e.g. 4D CT (and later MRI) for the registration of the
effects of organ and target motion, requiring adaptation of
thetreatment planning programto integrate thatinformation.
Industrial companies have constructed many ofthe elements
of Gantry 2 to PSI’s design, and it is now assembled in place
and is expected to become operational for patient treatment
by the end of 2012.

The design of Gantrylinthe early1990s, its performance since
itbegan operation, PSI’s use ofthe system, the medical results
it has achieved, and the overall performance of the entire
system (Gantry, spot-scanning technology, compact super-
conducting cyclotron, beamlines, magnet technology and
many more) have all been intensely scrutinized by the inter-
national community of experts and centres interested in
proton therapy. Largely as a result of this, scanning proton
beams are currently the mostly sought-after technology for
proton beam therapy. More than halfa dozen manufacturers
offer proton therapy systems. If one compares their various
concepts and the technical systems they offer, one sees that
thetechnology of Gantry 2 remains in the first rank of sophis-
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tication and foreseeable performance. The term “fast scan-
ning”, for instance, has been defined by the 200 spots per
second that Gantry 2willdeliverto overcome dose imprecision
caused by organ motion.

OPTIS —integration into CPT operation

The decision of PSI (the former SIN research centre, at the
time) to build a proton therapy installation for the treatment
of ocular melanoma in the 1980s was a milestone for later
plans and developments of the gantries. A new OPTIS treat-
ment facility — called OPTIS 2 —was developed and connected
to the COMET cyclotron in October 2010. Since then, 280
patients have been treated with this new installation, which
is, forthe most part, again a PSI design.

The overall number of patients who have received proton
therapy at PSIforocularmelanomas by the end 0f2011is 5455.
This makes PSI’s OPTIS programme the most active in the
world. Proton therapy forocularmelanomasis aninternation-
ally accepted and reimbursed treatment modality.

The new OPTIS-2 facility, while not fundamentally changing
thetreatment philosophy, has permitted a substantialchange
in the way treatment is integrated into the operation of CPT.
It is now possible to interleave treatment with that in the
gantry and to operate continuously throughout the year,
ratherthan in once-a-month batches.

Though ocular melanomas are notirradiated using scanning
beams but, rather, by passively scattered protons, several
physical and medical principles have been confirmed: High
radiation doses, in particularhigh single doses, require good
spatial dose conformation in order to avoid severe damage
to healthy structures; the proton beam penetrates the eye
onlyuptothe depth ofthe tumourlocation. Structures behind
the calculated dose deposition will not be affected; in par-
ticularthereisnounwanted dose load to the retro-ocularpart
ofthe optic nerve.

Tumours that are relatively insensitive to radiation respond
“better” to high single doses (hypofractionation); the ocular
melanoma is one such example. Four treatment fractions of
15 Gy (RBE) each result in an overall tumour control rate of
>95%. (For comparison, a “normal” daily dose of a treatment
foraskull base tumouris1.8 — 2.0 Gy (RBE), delivered upto a
total dose of 74 Gy(RBE) in 37 — 41single treatment fractions.)
Good localtumourcontrolleads to high survivalrates. Uncon-
trolled tumours can still metastasize. We see overall 10% tu-
mour-related deaths in patients whose tumour had been
controlled = sterilized by proton therapy, whereas the rate of
tumour-related deaths rises to 30 — 60 % in patients with
uncontrolled tumours.

From technology to oncological concepts
and a step into the future

Talking about achievements in design and construction of
proton therapy devices at a research institution such as PSI,
itmust not be forgotten that oncological concepts need to be
installed and followed in order to achieve real improvement
in cancertherapy.

Installations for radiotherapy, be it photon or particle radio-
therapy, are tools that are only as good as their use allows.
Protons offer high precision in dose deposition. The medical
question is where this precision is wanted or needed. Opti-
mized spatial dose conformation can allow increased target
doses without increasing damage to healthy tissues and or-
gans. This conceptis usefultotreatrelatively radiation-resist-
anttumours. Overcoming inhomogeneity and imprecision in
dose deposition caused by organ and/or target motion can
be avoided by really fast (re-)scanning, which then allows for
efficient irradiation of, for example, lung tumours or lesions
in the mobile parts of the abdomen and pelvis. Reduction of
unnecessaryradiation dose to sensitive anatomical structures
or compartments (e.g. the brain, optic nerves, spinal cord,
kidneys, etc) is the general aim in any form of radiotherapy.
Paediatric treatment is the most demanding in this regard.
One important, and probably increasingly important, argu-
ment for proton radiotherapy is the reduction of added toxic-
ity in multi-modality cancertreatment. Thereis unfortunately
no efficient therapy for malignant tumours that has no toxic-
ity. Surgery, chemotherapy or other systemic treatments, as
well as radiotherapy, do unavoidable harm to healthy, so-
called “normal”, tissues. The less “toxic” one of the treatment
modalities is, the better is its compatibility with the other
modalities. Protons have animportantrole in this context, as
high-dose irradiation can be made more tolerable during the
acute phase of treatment, as well as in terms of treatment-
related late effects.

The decision ofthe Canton of Zurich to investin athird proton
gantry at PSI reflects the belief that making better use of
protons in modern cancer therapy requires extension of the
indications, mainly towards frequent diseases, the conduct
of clinical studies and research, all resulting in the need for
higher treatment capacity.
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Strategy and Highlights of
General Energy Research

Alexander Wokaun, General Energy Research Department (ENE), PSI

Theyear 2011 was characterized by disruptive changes in the global energy scene, and by evolutionary progress

in research. The General Energy Research Department (ENE) provided conceptual input and technical contribu-

tions to the Energy Strategy 2050 of the Swiss Federation, while its research portfolio focused on efficient har-

vesting and conversion of renewable resources. The biomass value chain is being optimised through the cata-

lytic conversion of waste biomass to methane, low-NOx combustion of natural gas, and analysis of the

consequences of combustion processes on the atmosphere. Aspects of the solar energy value chain covered

include the production of solar fuels, the storage of electricity by advanced batteries, and the efficient use of

hydrogen from renewable resources for transportation. Issues of systems integration are being pursued in en-

ergy systems analysis, and promoted within the Competence Center Energy and Mobility.

Challenges lying ahead of energy research moved into the
forefrontof societal attention afterthe disasterat Fukushima
in March 2011. Researchers around the world, including those
of our Department, engaged in strategic discussion on how
research could contribute towards realizing anew and revised
energy policy.

Contributions to the Energy Strategy 2050

First documents were already delivered to the Swiss Federal
Government in April 2011. Following the decision of the Fed-
eral Councilin May on the “New Energy Policy”, our Institute
was asked to coordinate, on behalfofthe ETH Domain institu-
tions, a portfolio analysis of ongoing research, an assessment
ofimportantand promising technology fields, and an action
plan for coordinated energy research in Switzerland. These
documents, to be completed early in 2012, will provide input
to a Dispatch from the Swiss Federal Council to Parliament
laterin 2012.

Research portfolio

EnergyResearch had been persistentlyworking towards these
targets during previousyears. The portfolio of our programme
outlined below continues to focus on:

e Efficiency of conversion (thermal, electrochemical)

¢ Harvesting of renewable energies (biomass, solar)

e Systems design, analysis, storage and integration

Bioenergy and Catalysis (pp. 60-61)

This Laboratory focuses on the efficient conversion of impor-
tantbiomassresources; in particular, waste biomass. Hydro-
thermal gasification is pursued as a promising route for pro-
ducing methane from feedstocks with high water content.
Progresswas achieved in the recovery of nutrient salts and in
the avoidance of undesired coke formation. The SunCHem
Project studied the efficiency of harvesting algae for the pro-
duction of third-generation biofuels.

Competence in the field of energy-related catalysis is a pre-
requisite forresearchinthese processes, which alsofocuses
on the concomitant reduction of NOxand sootin combustion
devices. This competence is strengthened through a fruitful
collaboration with the Laboratory of Catalysis and Sustainable
Chemistry.

Catalysis and Sustainable Chemistry
(pp. 26-27, operated jointly by the ENE and SYN Departments)

Analytical tools have been improved for the in situ charac-
terization of catalysts by X-ray spectroscopy, atthe SuperXAS
beamline of SLS. In particular, modulation techniques were
successfully established for studying dynamic processes on
the catalysts used in biomass conversion.

At the Vacuum Ultraviolet (VUV) beamline of the SLS, optical
upgrades were completed and chemical sources are opera-
tional to study radicals that are important in combustion
processes, such as the ignition of diesel fuel.
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Combustion Research (pp. 64-65)

Three majorthrusts are pursued in this Laboratory. In prepa-
ration for the increased use of natural gas for power genera-
tion, options fordecarbonisation are being explored, and the
characteristics of hydrogen-rich turbulent flames are being
investigated using advanced laser diagnostics.

Intense preparatory workis being carried out forthe realization
ofapilotand demonstration unit (“X-PDU”) forthe production
of “syngas” from biomass, to be further processed by hot-gas
cleaning and catalytic conversion to methane.

Atthe Large Engine Research Facility, an advanced Millercycle
was successfullyimplementedinalarge marine diesel engine,
thereby simultaneouslyincreasingthe efficiency and reducing
the NOx emissions.

Atmospheric Chemistry (pp. 82-83)

Experimental capabilities for the attribution of aerosols to
theirsources (including transportation, wood burning, cook-
ing, and biogenic sources) were enhanced by the realization
of a mobile “smog chamber”. Compound-specific isotope
analysis was successfully commissioned to track pathways
in plant metabolism and aerosol chemistry.

Nucleation induced by ions from cosmic rays, anissue of the
highest relevance forassessing the influence of solar cycles
on temperature, was investigated within the CLOUD collabo-
ration at CERN. The results highlighted the previously ne-
glected importance of atmospheric trace gases.

Solar Technology (pp. 62-63)

Two majorscale-up projects forthe production of “solarfuels”
areadvancinginthe SolarTechnology Laboratory. The thermal
gasification of carbonaceous wastes was successfully scaled
to 200 kW, in collaboration with an industrial partner, reach-
ing an unprecedented solar-to-fuel conversion efficiency of
30%. In the long-term, preparations continued for a demon-
stration atthe 100 kW level of the zinc thermochemical cycle
producing hydrogen by solar water splitting, scheduled for
mid-2012 at the Odeillo solar tower facility.

Electrochemistry (pp. 66-67)

Atthe end of 2011, we thanked Giinther Scherer, who, aftera
successful decade of electrochemistry research — including
the demonstration of PSI’s third fuel-cell hybrid prototype
vehicle, in our collaboration with the Belenos Company —
handed over leadership to Thomas Schmidt, whom we wel-
come as the new Head of the Laboratory.

Figure 1: Water in the porous gas diffusion layer (GDL) of a polymer
electrolyte fuel cell. The tomographic image (top) visualizes the
distribution of water (blue) in the GDL and gas transport channel.
The flow velocity of water through the GDL (from a lattice-Boltz-
mann simulation) is illustrated at the bottom.

Understanding ofthe microscopic phenomena presentin polymer
electrolyte fuel cells advanced through the use of tomographic
analysis at the SLS, with modelling at various scales (Figure 1).
Research onlithiumion batteries advanced in a networkwith
industrial partners, focusing on characterization.

Energy Systems Analysis
(pp. 86-87, operated jointly by the NES and ENE Departments)

Based on astudy of mobilityandits associated fueldemands,
scenarios forthe global energy system are being developed,
including collaboration with the World Energy Council. With
the focus on electricity generation in Switzerland, a time-
resolved dispatching model will be used to study the impact
ofintermittentand fluctuating renewables. Systems aspects
oftheintegration of decentralized renewables are also atthe
focus of a proposal for the National Competence Center for
Research (NCCR), prepared jointly by PSI and ETH Zurich.

Competence Center Energy and Mobility

In 2011, several of the projects funded in the first wave of CCEM
were finished and theirresults communicated inworkshopsand
reports. The success of the collaborative efforts is manifested by
thefactthatseveralteamsdecidedto continuetheirjoint efforts,
andapplied forsecond-generation projects. The progress ofthe
ongoing programme is outlined on pp. 68—69. Several new
groupings of ETH Domain researchers joined the CCEM network
by applying to the very successful call for proposals in August.
Inthe CCEM, aswell, the end of 2011marked achangein leader-
ship. We are grateful to Philipp Dietrich, who has advanced the
CCEM from its first beginnings but has now taken on a new and
challenging position in the directorate staff of PSI, and extend
a hearty welcome to Urs Elber, our new Managing Director.
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Probing the fate of sulphur in a working
Solid-Oxide Fuel Cell anode using S K-edge XAS

Rudolf Struis’, Gunnar Nurk?, Artur Braun3, Thomas Huthwelker*, Markus Janousch?, Enn Lust? and

Christian Ludwig’

"Laboratory for Bioenergy and Catalysis (LBK), PS; 2 Institute of Chemistry, University of Tartu, Estonia;

3 Swiss Federal Laboratories for Material Testing & Research (Empa), Diibendorf, Switzerland;
“Laboratory for Catalysis and Sustainable Chemistry (LSK), PSI

One of the most targeted problems with solid-oxide fuel cells (SOFC) is the deactivation of catalytically active

metal nickel (Ni°) incorporated with the anode by reaction with sulphur present in the biomass-based fuel gas.

Unprecedented sulphur-specific X-ray absorption spectroscopy experiments revealed the formation of new

sulphur species from ppm-level H,S in H, fed to the anodic and air to the cathodic side of a working solid-oxide
fuel cell (SOFC) (~0.7 V) between T= 350 °C-550 °C. Whereas quasi-realistic XPS and Raman studies with an-
odic material at 7~500°C failed and thermodynamic software proved inadequate, in situ XAS allows SOFCs to be

studied under intermediate temperature-relevant working conditions in step with actual practice.

Motivation

Although expected, the SOFC performance-lowering formation
of sulphur monolayers or that of performance-annihilating
bulk sulphates with Ni-complemented cermet anodes could
neither be detected at 7~500 °C with Raman microspectros-
copy nordid XPS indicate that H,S would interact at all 1, 2].
Therefore, the anode surface ina SOFCworking atintermedi-
ate temperatures (IT-SOFC) was monitored in situ using sul-
phur-specific XAS.

Design of an in situ SOFC—XAS cell

An in situ reaction cell for use with hard X-rays, which had
been constructed by PSI following the design of Prof. J.-D.
Grunwaldt (KIT, Germany) [3], was adapted by us into a SOFC-
dedicated XAS cell suitable for performing X-ray absorption
experiments in the fluorescence mode of detection at the S
K-edge (E~2.5 keV). For this purpose, the cell was furnished
with two new gas manifolds for supplying the anodic and
cathodic sides ofthe IT-SOFC [4] pelletwith H,and O, respec-
tively (Figure 1), and windows were installed which were
permeable to soft X-rays. The electrolyte-supported IT-SOFC
electrochemical elementwith Ni-gadolinia doped ceriaanode
(Ni-CGO) was made by the University of Tartu (Estonia) [5]. The
electrolyte pellet and the X-ray windows are brittle and have
different thermal expansion coefficients; therefore, special

steelwas used forin situ cell construction and glass/ceramic
sealants made the SOFC-XAS cell gas-tight. The cell was
mounted on the steel block containing the heating wire.
Platinum wires were connected to a potentiostat/galvanostat
to monitor cell performance (voltage) under constant current
conditions and thermocouples were used to control the tem-
perature in the anodic gas compartment.
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Figure 1: Layout of the IT-SOFC-dedicated XAS cell and key
reactions at the anode and cathode sides.
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Figure 2: S K-edge XANES spectrum of the anode in a working
SOFC at T=546°C, and fitted constituents.
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Figure 3: Sulphur speciation results as a function of the SOFC
operating temperature.
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Figure 4: Overlay of Ce and Ni predominance phases and working
points (¢) with the XAS spectra.

Preliminary tests at Empa

Tests of gas leakage, IT-SOFC performance and the influence
of H,S added to H, were performed with the SOFC-XAS cell at
the Laboratory of High Performance Ceramics at the Empa
research institute. [t was electrochemically verified that first,
reversible poisoning ofthe Ni-CGO electrode with 5 ppm H,S/
H, occurred within five minutes. The influence of the H,S is
moderate, as the SOFC keeps on working, albeit with slightly
lower cell potential at constant current conditions. The elec-
trochemical performance recovered up to 90% after the ad-
dition of H,S to the H, feed was stopped. Results agreed well
with those from other studies and confirmed that our elec-
trodes and test cell functioned correctly.

Results from the Phoenix beamline (SLS)

First S K-edge XANES spectra were recorded using 5 ppm H,S/H,
at 7~550°C. Theyreflected the presence of several sulphurforms;
in particular, S atoms chemisorbed at the Ni® surface, gaseous
sulphur (such as S,) and highly oxidised sulphur (S¢*) as found
with sulphate. The spectra were reproduced well by linear com-
bination of reported, experimental compound spectra (Figure 2).
The spectra recorded between 7=550—350°C showed simi-
lar fingerprints, but with varying intensities. Between
T=450—350°C, small amounts of S**-containing species
(Figure 3) were also found, suggesting the formation of NiSO3
ormore likely SO, from its decomposition, impeding the build-
ing of detrimental bulk sulphate till 7=350°C.

Comparison with thermodynamic prediction

Figure 4 shows phase diagrams calculated with the HSC software
(Outotec Research Oy; Finland) for Ni-O-S and Ce-0-S, as func-
tions of the partial pressure (p) of O, at the anode, on a loga-
rithmicscale, log[pO,/anode], and the temperature, T. Five ppm
H,Swas defined as pS,=Y5pH,S=2.5x107°. Figure 4 also shows
experimental points where the spectra were collected by cal-
culating pO,/anode with the Nernst equation using recorded
temperature, cell potential, and synthetic air as input [2].
Forthe working points between T=450-550°C, from Figure 4 it
appears that Ce willmainly be presentas CeO, and Niin some
form of bulk NiS (NiS(A), NiOo.g4). However, the SOFC will not
function with sulphided Ni, because H, needs an Ni° surface
for adsorption before electrochemical oxidation. In line with
this, the speciation (Figure 3) showed some sulphuratoms at
the Ni° surface, but not clearly visible NiS. All outlined details
matterforfinding operational hurdles during use. We conclude
thatin-situ SOFC-XAS is a powerful and indispensable analyti-
cal tool for prospective verification studies under practical IT-
SOFCworking conditions, becauseitcan detectsulphurspecies
independent of long-range structural order or physical state.
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A 200 kW pilot-scale demonstration of solar
gasification of carbonaceous feedstocks

Christian Wieckert, Solar Technology Laboratory, PSI; Albert Obrist and Petervon Zedtwitz, Holcim Group
Support, Holderbank, Switzerland; and Aldo Steinfeld, Department of Mechanical and Process Engineering,
ETH Zurich, and Solar Technology Laboratory, PSI

The thermochemical gasification of carbonaceous materials using concentrated solar energy produces syngas
that can be combusted in the main burner of a cement kiln, reducing the consumption of fossil fuel and its con-
comitant CO, emission. A 200 kW solar pilot plant applying this process has been successfully demonstrated at
the solar tower of the Plataforma Solar de Almeria. Coal, biomass, and carbonaceous wastes with different
characteristics, such as tyre chips, plastics, and industrial and sewage sludge, were thermochemically con-
verted to high-quality syngas with a calorific value upgraded over that of the input feedstock.

Introduction the reaction chamberand contains the packed bed on top of

the steam injector. An SiC-coated graphite plate separates

The concept of solar steam gasification of carbonaceous ma-
terials is schematically shown in Figure 1 [1]. Concentrated
solar energy provides the high-temperature process heat re-
quired to thermochemically convert solid carbonaceous feed-
stocks (e.g. coal, biomass, or carbon-containing wastes) into
high-quality synthesis gas (syngas, mainly H, and CO). Syngas
canbeusedto produce high-temperature process heatin direct
combustion (e.g. in cement kilns), for power generation in ef-
ficient combined cycles and fuel cells, or further processedvia
the Fischer-Tropsch process into liquid hydrocarbon fuels.
Conventional autothermal gasification requires about one-
third ofthe feedstockto be combustedto supply process heat
for the endothermic gasification reaction, which inherently
decreases coal utilization and contaminates the product
gases. In contrast, syngas from solar-driven steam gasification
is free of combustion by-products and has alower CO, output,
because its calorific value is solar-upgraded over that of the
original coal feedstock by an amount equal to the enthalpy
change of the reaction. Solar thermochemical gasification is
ultimately a means of chemically storing intermittent solar
energy in a dispatchable form.

The pilot plant

The solarreactorconfigurationis shownin Figure 2. It consists
of two cavities in series. The upper cavity functions as the
solar absorber and contains a windowed aperture to let in
concentrated solar radiation. The lower cavity functions as

both cavities. Thisarrangement enables the reactorto receive
awiderange of feedstock particles sizes. The reactoris oper-
ated in batch mode, typically one batch per day, with the
packed bed shrinking as the gasification progresses.

Steam gasification

biomass, waste) C+H,0—->CO+H,

Cayngas®
CO, H,

Combustion in burner (e.g. cement kiln)
Liquid fuel (Fischer-Tropsch)
Methanol/DME
Hydrogen (after water gas shift)

Figure 1: The solar gasification process: Concentrated solar
radiation is used as the energy source of high-temperature
process heat to drive the endothermic gasification reactions.
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Figure 3: A field of heliostats concentrate solar radiation into the
solar gasification reactor located 45m above ground on the solar
tower of the Plataforma Solar de Almeria, Spain.

Low Rank Coal

N
: Tire chips

Industrial sludge 1

Figure 4: Packed bed of the 200 kW solar gasification reactor with
different feedstocks prior to solar tests.

Based on laboratory-scale tests at PSI with a 5 kW solar reac-
tor prototype [2], a 200 kW pilot solar reactor for typically
200 kg feedstock capacity (one batch perday) was designed
and fabricated. The solar reactor, along with all peripheral
equipment, wasinstalled atthe solartower ofthe Plataforma
Solar de Almeria in Spain. Concentrated solar radiation col-
lected by about 70 heliostats (Figure 3) was re-directed to
power the solar reactor at an operational temperature in the
range 1000-1200 °C. The carbonaceous feedstocks tested
(Figure 4) are characterized by having awide range of volatile,
ash, fixed carbon and moisture content, elemental composi-
tion, as well as particle size and morphology [2].

A typical test: Syngas from low-rank coal

A representative experimental run is described with low-rank
(cheap) coalwith LHV of 16 M)/kg, containing about 35% mois-
ture, 32% volatiles, 29% fixed carbon and 4% ash; 180 kg of
low-rank coalwere loaded into the reactor, forminga 20 cm-high
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Figure 5: Packed-bed temperature, steam supply, and synthesis gas
composition during the solar gasification of wet low-rank coal.

packed-bed. Concentrated solar energy with radiative power
0f130 kW and flux of 600 kW/m?was incident on the reactor’s
aperture. The packed-bed temperature and gaseous product
mass flow rates are shown in Figure 5. A high-quality syngas
with H,/CO molarratio ofabout 2 and CO,/CO molarratio of 0.4
was produced. The solar-to-fuel energy conversion efficiency
—defined asthe energy content (on an LHV basis) of the syngas
divided by the sum of the input concentrated solar power plus
the energy content of the converted coal — reached 30%.

Conclusions

The pioneer demonstration of a solar pilot plant for the gasi-
fication of coal, biomass, and carbonaceous waste materials
has been accomplished using a robust 200 kW packed-bed
solar reactor on top of a solar tower and subjected to solar
concentrated radiation from a heliostat field. High-quality
syngas with a solar-upgraded calorific value was produced
from a variety of feedstocks. The conceptual design of a MW
industrial-scale plantisin progress.
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New combustion concepts for marine

diesel engines

Klaus Hoyer, James Mannekutla, Rolf Bombach and Peter Jansohn, Combustion Research Laboratory, PS/

Panagiotis Kyrtatos, Peter Obrecht and Konstantinos Boulouchos, LAV, ETH Zurich

Diesel engines exhibit very high thermodynamic conversion efficiency, though accompanied by an intrinsically

high thermal NOy formation rate. Within the CCEM, and with support from the EU project “Hercules-B”, we are

developing new methods for reducing NOx emissions. We are achieving this through modified charge-air man-

agement combining early closure of the intake valves (Miller Timing) with higher-charge air pressure obtained

through serial 2-stage turbo charging. The advantages are two-fold: firstly, the reduced end-of-compression

temperature leads to lower NO, formation; and secondly, two-stage compression is more efficient and therefore

reduces the specific fuel consumption.

Marine shipping of bulk resources and products is by far the
most efficient method of global transport. The total marine
transport for 2010 was estimated by the UN Trade Organization
UNCTAD atabout33-10°ton-miles andthis cargo-distance total
was primarily achieved by the use of diesel engines. Obviously,
this huge transport demand gives ample motivation to reduce
the emissionsfromdieselengines and improve theirefficiency,
sincethese advancementswillbe applicable onaglobalscale.

Diesel combustion process

Thedieselcombustion cycleisafundamentally complexprocess,
since the fuel is introduced to the combustion chamber as a
high velocity liquid jet, which disperses due to shear forces
into a fine fuel droplet spray. The fuel droplets evaporate and
the fuel vapour dissociates, after which auto-ignition initiates
the combustion process. Once a flame is established, heat re-
lease is locally restrained close to the spray surface since the
spray coreis fuel-rich with little available oxygen, and the charge
air is ultra-lean with few available fuel vapour radicals. This
means that flame location and its thermal heat release rate is
mixing limited, since the fuel vapour radicals and the oxygen
need to be transported (by convection and diffusion) to where
theyyield acombustible mixture with the properair-to-fuelratio.
The ignition delay is the time duration between the start of
fuelinjection to the start of combustion and comprises evapo-
rationand dissociationtime scales, both of which are functions
of the charge temperature and pressure before fuel injection.
There exists a fundamental trade-off between efficiency - fa-
voured by hightemperature difference between initialand final

process temperatures — and NOx formation rate — increasing
rapidlywith rising absolute processtemperature. The pathway
toreducingthe NOyformation rate and simultaneouslyincreas-
ingthe efficiency therefore requires lowering the initial charge
temperature while limiting the peak process temperature.
However, to ensure stable and uniform auto-ignition, the initial
temperature cannot be lowered arbitrarily.

New combustion concept

Inthe previous Section, the physical foundation needed forthe
realization of clean and efficient diesel combustion was laid
out, i.e. lowering the charge air temperature to the minimum
level needed for stable auto-ignition [1]. We achieve this by
advancingtheinletvalve (IV) closure (called the MillerTiming),
thus reducing the in-cylinder compression ratio. This results
notonlyinareduced temperaturerise duringthe compression
stroke but also in reduced in-cylinder compressive work. To
keep a similarglobal air-to-fuel ratio, we also need to raise the
charge air pressure so as to introduce the same air mass over
the shorter inlet valve open duration. This is achieved with a
serial 2-stage turbo charging system (25t-TC), which again al-
lows efficiencyimprovements, since inter-cooling between the
two stages leads to very efficient second-stage compression.

Current achievements

The CCEM supported the realization of the Large Engine Re-
search Facility at PSI, whichwas commissioned in 2008. Since
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Key Results: NO, Reduction
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Figure 1: NOx reduction vs. Baseline for three different degrees of
Miller Timing at different load points.

then, we have converted the standard (baseline) configuration
to the modified (Miller with 25t-TC) setup detailed above. The
research was supported by the EU (FP 7 Program project:
Hercules-B) and proved to be a successful collaboration be-
tween industry (Wértsild and ABB Turbo Systems) and aca-
demic partners (PSI and ETHZ). Using predictive simulation
models and engine tests, we have optimized the camshaft
profile with respectto IV closure andvalve overlap and matched
the charging system according to the required boost pressure
and massthroughput. On average, a more than 50% reduction
in NOx emission and, at the same time, reduced specific fuel
consumption by ~2%, withoutincreasingthe soot levels, have
been achieved. Forstart-up and low-load operation, a hydrau-
licretarder (VIC) allows the Millertiming to be offset by extend-
ing the valve opening time, in order to reach auto-ignition
temperaturewhen only low boost pressure levels are available.
Figure 1compares different degrees of Millertiming introduced
by the different camshaft configurations (M1, M2, M3) tested.

Future work / Challenges ahead

Despite oursuccessfulresults, afurther significant reduction
in specific NOx emissions is needed to meet the strict Tier Il
limits of 80% NOxreduction by 2016, putforward by the Inter-
national Maritime Organization (IMO). As mentioned above,
furtherimprovement by “cold” diesel combustionis not pos-
sible, becausethe highignition delay counteractsthe achieved
benefits. Future work will therefore focus on combining ad-
ditional prospective technologies, namely exhaust gas recir-
culation (EGR) to the charge air. With EGR, we can reduce the
available oxygen concentration, directly reducing the NOx
formation rate, and add inert heat capacity in the form of the
exhaustgas, thus limitingthe peak process temperature. This
technology, however, has a drawback with respect to soot
oxidation rate, which also depends on the oxygen concentra-
tion. Soot production and oxidation is naturally present in
spray combustion systems and the amount of soot produced

Figure 2: Spray diagnostics in a non-reacting medium
(Nitrogen N) applied in a constant-volume combustion cell:
a) LIFimage (green; liquid jet) combined with Schlieren
technique (red; fuel vapour); b) Fuel droplet distribution
derived from Diesel fuel fluorescence.

decreases with the fineness of the fuel atomization. The at-
omization level is governed by maximum fuel injection pres-
sure, a limiting constraint, especially for large injectors. To
overcome this classical limit, we plan to apply water-in-fuel
emulsions, exploiting the so-called secondary atomization
of fuel droplets resulting from rapid water evaporation. This
reduces soot production and thus allows complete soot oxida-
tion, even with lower oxygen availability.

Spray combustion diagnostics

As mentioned in the Introduction, diesel spray combustion
comprises amultitude of physical phenomena, which are not
readily quantifiable withina combustion engine. To gain further
insight, we applylaserdiagnosticsinaconstantvolume com-
bustion cell, to distinguish between the liquid, vapour and
burned gas phases. Here, we use the ExciPlex[2] (excited-state
complex) fluorescencetechnique to determine the distribution
between liquid and vapour phases. This technique allows
non-intrusive analysis of fuel droplet evaporation priorto igni-
tion. The chosen additives have evaporation properties simi-
larto the fuel and are selected to fluoresce at different wave-
lengths in liquid and vapour phases when excited by
ultra-violet laser light. The measured fluorescence intensity
can then be related to the contribution of each phase. This
technique requires further development, however, to allow
quantitative measurement of evaporating liquid fuel sprays.
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The Wind of Change —Transitions in the
Electrochemistry Laboratory

Giinther G. Scherer, Felix N. Biichi, Riidiger Kotz, Petr Novak and Thomas ). Schmidt,
Electrochemistry Laboratory, PSI; Philipp Dietrich, CCEM, PSI

The pastyear maintained continuity in, but also brought change to, the Electrochemistry Laboratory. The future

Laboratory Head, taking over on 1)anuary 2012, joined the Laboratory and started activities towards novel re-

search areas. Nine PhD students, more than ever before, successfully finished their dissertations and entered a

new phase in their professional careers. Important progress was again made, in particular, in the lead project

with our industrial partner Belenos Clean Power AG, and in many areas of electrochemical materials research.

Progress was supported by developing characterization methods at PSI’s large facilities, and by commissioning

powerful analytical equipment.

Theyear2011was an important year for the Electrochemistry
Laboratory. In February, Dr. Thomas). Schmidt, who had been
working here during 2001/2002 and later joined the fuel-cell
industry, was appointed ProfessorforElectrochemistry at the
Swiss Federal Institute of Technology (ETH), Zurich, and des-
ignated future Head of the Electrochemistry Laboratory atthe
PaulScherrerInstitute, to take on this task on 1January 2012.
This gave the opportunity to provide continuity, on the one
hand, aswellastoallowa gradual changeoverfrom the outgo-
ingHead of Laboratorytotheincomingone. The appointment
strongly emphasizes the resurgence of electrochemistry in
academia as an important, cross-cutting discipline in chem-
istryandin energy research in general, aswellasin industry,
reflecting the fact that many solutions to energy problems
may be found through an electrochemical approach.

Change was also evident among the young research staff, as
nine PhD students, more than ever before, finished their dis-
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Figure 1: Left: Car with hybrid H./O; polymer electrolyte fuel-cell/
battery power train developed in collaboration between PSI

and Belenos Clean Power AG, Biel, Switzerland. Right: Efficiency
of fuel-cell stack and fuel-cell system for H, conversion.

sertations during the year and left the Laboratory to enter a
new phaseintheirprofessional careers. We are proud thatall
ofthem achieved smooth transitions into their new environ-
ments. In addition, several staffatthe post-doc and scientist
level moved to industry, reflecting the increased need there
forhighly-educated electrochemists. Nevertheless, progress
occurred in many areas of our work.

H./O; polymer electrolyte fuel cell systems

Ourcollaboration with Belenos Clean PowerHolding resulted
inthe successfuldemonstration ofafuel-cell car, powered by
a 25 kW H,/0; polymer electrolyte (PEFC) fuel-cell system
designed andrealized within this collaboration atourlabora-
tory. Furthermore, a5 kW fuel-cell system foraboatapplication
was operated successfully at the same time.

The clear advantage of fuel-cell technology is shown by the
high efficiency of hydrogen conversion to electrical energy
forthe fuel-cell stack and the fuel-cell system, as displayed
in Figure 1.

Materials research for electrochemical devices

Materials research for electrochemical devices, batteries,
supercapacitors, and fuel cells continued at an even higher
pace. Severalimportant materials characterization methods
have been recentlyimplemented and commissionedto service
the day-to-day work of the Laboratory, including confocal
Raman microscopy combined with infrared microscopy, scan-
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Figure 2: Newly installed X-ray diffractometer for the structural
analysis of battery materials. (Photo: Stefan Rétheli, Appenzell)

Figure 3: X-Ray tomographic microscopy image of water in a
cathode channel and gas diffusion layer.

ning electron microscopy with EDX and, very recently, an XRD
machine planned to be used both as the work-horse for syn-
thetic material developmentaswell as forthe furtherdevelop-
ment of in situ X-ray diffraction methods. The latter is very
important, as it will allow us to test electrochemical cells
underdevelopmentin situ before using expensive beam time
at the Swiss Light Source (SLS). All available methods will
considerably improve our ability to study relevant material
properties, in particularwith respectto novel battery materi-
als and concepts relevant to our industrial projects in this
area.

Theuse ofbeamlinesatthe SLSand the SINQ Neutron Source
was continued and extended. One subject addressed in par-
ticular is the understanding of the water management of
PEFCs [2, 3]. X-Ray Tomography at the SLS (Figure 3), as well
as Neutron Imaging atthe SINQ (Figure 4), were used to char-
acterize the state of liquid water in the porous nano- and
microstructures of a membrane-electrode assembly.
Materials research for supercapacitors was concentrated on
the utilization of graphite oxide, a precursor for graphene
preparation, and on ionic liquids (ILs) as novel electrolytes.
Both approachesaimtoincrease the energy density of these
high-power devices.

Due to the fact that ILs have a negligible vapour pressure,
these electrolytes allow electrochemistry to be performed
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Channel
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Figure 4: Simultaneous
imaging of the liquid
water distribution in six
PEFCs with different
membrane-electrode

assemblies by neutron

radiography at SINQ.

Figure 5: View into the UHV chamber of the XPS showing the
electrochemical cell with IL electrolyte.

in a vacuum. Thus, surface-analytical tools such as XPS
(Figure 5) can be utilized to study the performance of various
ILs as electrolytes for supercapacitors or other electrochemi-
cal devices.

Conclusion

Based on last year’s work, we are proud to report an excep-
tional output of publications, surpassing the number of 50
peer-reviewed contributions towell-esteemed journalsinthe
fieldin 2010. In additionto ourtraditional fields, we have been
working in new areas of R&D which are planned to be taken
up bythe Laboratoryinthe nearfuture, e.g. high-temperature
PEFCs, PE electrolyzers, and otherimportantelectrochemical
energy-related devices, in orderto underline the internation-
ally leading role of our Laboratory in electrochemical energy
conversion and storage.
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Competence Center Energy and Mobility, CCEM —
CCEM projects in the focus of interest

Philipp Dietrich and Alexander Wokaun, CCEM

The Competence Center Energy and Mobility, CCEM, provides support for joint projects run by research institutes

within the ETH Domain, with the goal of working towards a more sustainable energy system. The CCEM looks back

to a very successful year 2011. Two projects in its portfolio were completed. In parallel, fourteen new proposals

were submitted in response to a Call for Proposals, which is the second-largest response after the initial call at

the creation of CCEM and a clear sign of the attraction of the inter-institutional collaboration that CCEM can offer.

In 2011, after the incident at the Fukushima nuclear plant, the Swiss Government decided to implement a new

energy policy, in which the existing nuclear power plants will not be replaced at the end of their operational lives,

and the associated electricity production needs to be substituted. CCEM has been asked to support the task force

to define the research needs within Switzerland to tackle the challenges of this “New energy strategy 2050”.

In 2011, the topic of energy came to the forefront of public
awareness and back to the political agenda. The incidentin
Fukushima triggered intense debate about the energy future
of Switzerland. In addition, the World Energy Outlook, pub-
lished by the International Energy Agency, showed that
global emissions are following a trend where it is becoming
more and more difficult to achieve the target of global warm-
ing not exceeding the level of 2°C.
Energy research has already been intensified in the ETH Do-
main during the past five years. CCEM was created in 2006
andbeganto encourage collaborative energy research projects
withinthe Domain. The events of 2011 created the insightthat
substantially more energy research is needed to tackle the
challenges associated with any profound change in our en-
ergy supply system.
CCEM is ready to contribute very actively in this long-term
process, offering a platform for collaboration among the in-
stitutions of the ETH Domain, as well as with the Universities
of Applied Sciences and industry. To this end, CCEM strives to
foster research activities in the fields of energy provision,
conversion, transmission and usage. In addition, CCEM is
willing to share its experience and results within the larger
context of the Cleantech initiative. Among other measures in
2011, CCEM further strengthened its activities in three major
directions to achieve this goal:
¢ Maintain a transparent and proven process to facilitate
interdisciplinary projects, emphasizing high standards of
scientific quality
e Concentrate research efforts on dedicated questionsin the
field of energy

® Provide access to cutting-edge infrastructure for energy
research within the ETH Domain and beyond and continu-
ouslyupgrade suchinfrastructure forthe benefit of facilitat-
ing projects
CCEM published a CallforResearch Proposals in August 2011.
Atotalof 14 new proposals were submitted, of which two were
co-submitted to the CCEM and the Competence Center Envi-
ronmentand Sustainability, CCES. So far, seven projects have
been approved, with the evaluation process still ongoing for
other projects, in a second round.
The quality of proposals has continuously increased over
recent years. In 2011, PS| researchers were particularly suc-
cessful: Four out of the seven funded projects are headed by
PSl-affiliated principal investigators.
In 2011, the energy topic was present in several national calls
forprogrammes such as NCCRs and NFPs. Surveying the sub-
missions shows that collaborations within CCEM have been
helpfulforseveralgroupsinthe creation of consortiaforjoint
applications.

Infrastructure in routine operation

The existinginfrastructure, which has been supported by CCEM,
was complemented by a battery test bench, installed at Empa
in Diibendorf. This facility can be used to test full battery packs
in charge/discharge cycling. Safety provisions are such that
load tests up to the limits of battery specifications can be per-
formed. Thistestbenchis usedintwo CCEM projectswhich are
currently running, i.e. the COHYB Project, exploring the ideal
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Figure 1: LCA results comparing the
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internal combustion engine in combination with a battery to
form a specific hybrid powertrain concept, and the UFCEV
Project, investigating the fast charging processin combination
with limited grid access. Also overthe nextfewyears, specific
additional equipment, required for the research questions
being addressed, will be supported by CCEM.

Results of collaborative projects

Untilthe end 0f 2011, 15 investment and research projects had
been completed within the CCEM framework, of which two
ended in 2011. Hydronet investigated questions on the dy-
namic operation of pumped hydropower plants, and Retrofit
explored new system solutions for renovating houses, with
the goal of lowering energy consumption. Details are re-
portedin [1].

Groups from PSI, ETH Zurich, and Empa are collaborating in
the project “Technology-centred Electric Mobility Assessment”
(THELMA), with Stefan Hirschberg, Head of Laboratory for
Energy Systems Analysis at PSI, as principal investigator.
THELMA is an integrated, technology-based study of the po-
tential for light electric vehicles in Switzerland, assessing
theirtradeoffs and sustainability compared with other drive-
trains and fuels. The environmental, economic and social
performancesofboth currentand futurevehicles are combined
with future transport demand, fleet penetration scenariosand
charging patterns, to model changes in Swissgrid’s net de-
mand, cost and reliability. Criteria include both direct and
indirect effects, e.g. notjust exhaust emissions and downwind
impacts, aswell as upstream fuel-chain effects. These results
are used as the basis for national scenarios, supplemented
by local community case studies. Analytical results will be
integrated using total costs and multi-criteria decision support
to form a transparent basis for evaluating sustainability and
informing decision makers and stakeholders.

One ofthe five work packages focuses on life-cycle assessment
(LCA). In 201, the life-cycle inventory was completed for the
full range of current vehicles and those foreseen for the im-
mediate future, from e-bikes to small lorries with all relevant
drivetrain technologies. Datasets were compiled for two-
wheelers, electric drivetrain components, such as magnets

and power electronics, fuel cells and future lightweight vehi-
cles. The noise effects of different road vehicles were in-
cluded and a new framework developed for modelling road
transport in the next version (v3) of the ecoinvent database.
Entry ofthe Life Cycle Inventories (LCI) data from THELMA into
ecoinventis on-going.

Asanexample, theresults fore-bikes, and especially scooters,
(Figure 1) show that electrification has a huge potential for
environmental benefits, due to the current lack of stringent
emission standards for two-stroke engines.

Comparing the production and usage of fuel-cell vehicles
(FCVs) with battery electric vehicles (BEVs) and conventional
internal combustion engine (ICE) vehicles shows a strong
dependenceonthe energy carriers, i.e. the specific production
pathways for hydrogen and electricity. Current BEVs are more
environmentally friendly than current FCVs, which in turn are
more climate-friendly than petrol-driven cars if low-carbon
electricityis used forelectrolytic hydrogen production. Atthe
same time, limitations with respect to range and refuelling
time are more stringent for BEVs than for FCVs.

Interaction with Society

After the incident at Fukushima, the Swiss Government de-
cidedtoimplementanew energy policy, targeting the phasing
outof nuclear poweratthe end of the operational lives of the
existing plants. Ataskforce was appointed by the government
to define the research effort needed to implement this strat-
egy. CCEM was asked to support the project team in the for-
mulation of an action plan for energy research.

The interested public had the possibility to be informed in
several workshops and seminars, specifically in the domain
ofindividual personal mobility, butalsointhe building sector
and the production of electricity.

At the end of 2011, the Chairmanship of novatlantis was
handed over from Roland Stulz to Urs Elber, who, atthe same
time, became the new managing director of CCEM.

References
[1] CCEM Annual Activity Report 2011, (www.ccem.ch).
[2] THELMA Project Website http://www.thelma-emobility.net.
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Nuclear Energy and Safety
research highlights 2011

Jean-Marc Cavedon, Nuclear Energy and Safety Department (NES), PSI

The catastrophic events which took place at the Fukushima-Daiichi nuclear reactor site in Japan in March 2011

had severe repercussions in many countries. Aswell as assessing these events in detail, we pursued ourresearch

into how to improve the safety of plants which already meet existing safety standards. One project which was

completed during 2011 was the collection of data at the PANDA facility relating to the hydrogen distributionina

reactor containment vessel. On the analytical front, we have incorporated operator action into our probabilistic

safety assessment modelling of nuclear plants. In another study, we investigated a method for mitigating stress

corrosion cracking in reactor internals, and in a second project we developed a more robust model for diffusion

in the clays being proposed for the Swiss nuclear waste repository. Our continuing monitoring of trends in the

nuclearindustry enables us to keep abreast of developments and we have maintained our strong education activ-

ity for future generations.

Fukushima-Daiichi and its aftermath

The pastyearwill remain a lowlight for nuclear energy opera-
tionandresearchworldwide. An earthquake of historicdimen-
sions, and the tsunami that followed it, hit the north-eastern
coastof]Japan’s mainislandin March 2011, resultinginadirect
toll of nearly 19,000 missing or dead. This event — a once-in-
a-millennium occurrence — hit 15 nuclear reactors. At 4 of
these, on the Fukushima-Daiichi site, all power supplies, in-
cluding the emergency ones, were lost, togetherwith access
to the indispensable ultimate heat sink. The 3 reactors that
were operating at full power unavoidably underwent partial
reactor core meltdown. No fatalities were declared in addition
tothetsunamitoll, buttheland lostforuse due to contamina-
tion is presently comparable to the hundreds of square kilo-
metres directly devastated by the tsunami.

The first lessons to be learnt for nuclear researchers were
rapidly clear. Access to a heat sink forremoval of the residual
heat of a reactor was always deemed to be mandatory for a
fewhoursfollowinganaccident, orafterafew daysinthe most
modern and resilient reactor types. The lack of resilience to
be ableto survive formany days resultedin this case from the
severe underestimation of the externalrisk (the height of the
coastal waves generated by the tsunami) and from overcon-
fidence in placing almost all emergency power sources at a
single location liable to flooding.
Thefindingsinnuclearresearch atPSIthatwe are highlighting
thisyearconcern ways and meansto furtherincrease the safe
andreliable operation of plantsthatare alreadyveryreliable,

such as the Swiss nuclear power plants. The Swiss and Euro-
pean stress tests that were performed in 2011 showed that
basic, as well as state-of-the-art, safety requirements have
been fulfilled fora long time in Switzerland. This justifies our
commitmenttoveryadvancedresearchtopics atthe forefront
of international development.

Hydrogen stratification

PSI’s PANDA large-scale thermal hydraulics facility has along
tradition of providing experimental validation of passive
safety concepts fornuclearreactors, such asthe ESBWRreac-
tor design equipped with a 72-hour reserve capacity for re-
sidual heat removal by means of passive safety systems (i.e.
independent of any external power supply). It brought to
conclusion in 2011 a set of experiments performed within an
international partnership. How hydrogen stratifies in layers
within a reactor containment vessel, how these layers are
broken up byinternalfluid flows and how explosive concentra-
tions may (or may not) be reached was studied in detail, and
accurate numerical calculations of the fluid-dynamic flows
occurringandthethermaland concentration gradients present
were carried out. The positive effects of passive autocatalytic
hydrogen recombiners, which avoid hydrogen build-up, were
calculated and measured, as well as the adverse thermally-
induced local flows produced. These studies enable the op-
timal placement of these safety devices within the contain-
ment. It should be noted that such recombiners were not
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presentinthe containments ofthe ruined Japanese reactors,
which underlinesthe long,and sometimes unsuccessful, path
fromimportantresearch discoveries totheirimplementation
in situ.

Probabilistic Safety Assessment

Potentialaccident sequences are modelled in orderto evalu-
ate their likelihood before an accident would occur. This is
the basis of probabilistic safety assessment, the tool with
which operators, regulators and researchers identify the best
ways and means of further reducing the residual risk during
plant operation. We have integrated into this tool the dy-
namic interplay between the behaviour of a plant and the
possible actions taken by its operators, including variation
ofthetiming of such actions. We have shown that this higher
fidelity to the unravelling of in situ events improves our esti-
mate of the ability of plants and crew to achieve the desired
success criteria in accidental situations.

Mitigation of stress corrosion cracking

The mitigation of stress corrosion cracking in the reactor in-
ternals andrecirculation pipes of boilingwaterreactorsisthe
story of one implementation of research findings that has
successfullyincreased the reliability of industrial operation.
Here, the noble metal and catalyst platinum is injected into
thewatercoolantflow ofthe reactor. This resultsin the efficient
recombination into water of the oxygen generated by radioly-
sisthatwould otherwise corrode steel. This controls the source
of corrosion and thereby the corrosion itself. The present
findings show that the continuous and very slow injection of
small nanoparticles of a platinum compound safely and in-
definitely protects steel components against oxygen, the main
cause of stress corrosion cracking. The detailed analysis of
material extracted from the reactors cooling circuitin our Hot
Laboratory shows that a continuous very slow injection of
small nanoparticles of a platinum compound safely and in-
definitely protects the steel components against oxygen, the
main cause of stress corrosion cracking.

Waste repository diffusion

Inunderground waste repositories, much confidence is given
tothe capacity of clay minerals, natural orman-made, to retain
radionuclides at their surface and restrict their mobility to a
very slow diffusion process. This is the basic function of clay
minerals in the safety of nuclearwaste repositories. We have

been ableto reconcile the measured diffusion coefficients of
cationsin clay with computedvalues by quantitatively assign-
ing a surface mobility to each cation. Thisresultincreasesthe
robustness ofthe diffusion coefficients thatare used to assess
the performance of clay-based repositories, and the present
Swiss repository conceptrelies precisely on Opalinus clay as
the hostrockand on bentonite clay as the filler materialin its
galleries.

Trends

We have also kept a close watch on the global progress of
current and future nuclear technologies. We monitor the
downward trend of risk indicators, such as the core damage
frequency perreactorand peryear, that quantify the constant
progression in safety through reactor generations. The cor-
relatedincreasesin kWh production costs are also monitored,
togetherwith their sensitivity to majorvariations of parameters
such as loan interest rates or plant construction costs. A set
of environmental indicators measures the trend towards
sustainability with progressive reactor generations. The bur-
den of use of uranium or thorium resources, the emission of
greenhouse gases and the production of radioactive waste
are allindicators that are diminishing as nuclear technology
matures.

Those findings confirm a message that has been clearly sent
out for about a decade: while fossil energy sources face an
ecological challenge and newrenewable energy sources face
aneconomic one, nuclear energy mainly faces the third chal-
lenge — that of public acceptance.

Education and the commitment of our personnel

The Swiss political consensus on the further operation of
existing nuclear plants consolidates the need for the safe
operation of those plants and the safe management of their
waste. Education atthe highestinternational leveland state-
of-the-art scientific and technical research are the indispen-
sable and interdependent means for further pursuing these
tasks. The Nuclear Energy and Safety Department of PSI will
continue to devoteits skills to maintaining research and edu-
cation at the high standards reached over the years. The
commitment of our personnel to a more reliable, ever safer
and more sustainable nuclear energy is ourmain assetin the
pursuit of our national duty.
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Impact of dynamics on the Accident Sequence
Models of nuclear power plants

Durga Rao Karanki?, Tae-Wan Kim® and Vinh Dang?
2 Laboratory for Energy Systems Analysis (LEA), PSI

b Laboratory for Reactor Physics and Systems Behaviour (LRS), PS/

Inthe safety analysis of nuclear power plants, the requirements on systems, equipment, and personnel must be

identified for diverse accident scenarios. Estimating risk then corresponds to estimating the probability that the

requirements are not met and an accident follows. In this work, a dynamic event tree, which is an integrated

simulation of physical processes, equipment events and operator events, is applied to support the definition of

success criteria. The results show how dynamic event-tree analysis of scenario dynamics provides a better un-

derstanding of success criteria and enables improved estimates of risk to be made.

In Probabilistic Safety Assessment (PSA), the high-leveltasks
include defining success criteria for the accident model and
estimating the probability that these requirements are met.
These requirements concern how many systems or pieces of
equipment must operate, the latest time by which the opera-
tors mustintervene, and how long the equipment must func-
tion. In current PSA practice, detailed plant simulations are
performed to define success criteria, while probabilistic
models addressthe probability thatthese criteria are not met.
The challenge for analysis is that the success criteria in a
scenario depend on the assumptions made on what has
previously occurred. Inthe presentwork, an analysis approach
that combines plant simulation with sequence modelling is
applied. Rather than simulating a single sequence, the Dy-
namic Event Tree (DET) generates a tree of sequences by
treating success and failure events and the alternative event

timing [1].
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Figure 1: Medium-break Loss of Coolant Accident (MLOCA)
results from dynamic event tree analysis.

Medium-break Loss of Coolant Accidents (MLOCA) scenarios
have been studied, i.e. accidents in which a medium-sized
coolant circuit pipework fracture occurs. The main focus of
the study was to develop analysis methods that benefit from
the DETapproach. Consequently, the analysis was performed
foradecommissioned Pressurized WaterReactor (PWR) inthe
U.S., which is frequently used in international studies and
allowstheresults of alternative methodsto be compared. The
tree resulting from the DET analysis is shown in Figure 1, as
illustration.

Medium-break LOCA scenarios in PWRs

In an MLOCA scenario, automatic safety systems will trip the
reactorandturbineand will starttoinjectwaterinto the Reac-
tor Coolant System (RCS), in orderto compensate forthe loss
of coolant. ForMLOCAs, High-Pressure Injection (HPI) systems
arerequired initially. Next, the RCS pressure will drop, allow-
ingthe accumulators and, finally, the Low-Pressure Injection
(LPI) systems to inject. Two manual actions are often consid-
ered in MLOCAs: switching HPI or LPI to recirculation when
the coolantreserveislow, and, in scenarios in which HPI fails,
arapid cooldown to reduce pressure and allow LPI to inject.
The analyses focused on the influence of break size, number
of HP pumps, cooldown timing and rate, and recirculation
timing.

The DETtoolADS-TRACE, developedinacollaboration between
PSl and the University of Maryland, was used for simulating
theaccidentscenario, and about 300 MLOCA scenarios were
analyzed. The results suggest that there is not a single most
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Figure 2: Sequences with 1 HP pump (a charging pump) available.

challenging break size withinthe MLOCArange. The sequenc-
eshavediverserequirements forthe success of safety systems
[2]; for example, the 5.5" break (i.e. a break in the pipework
with afluid-release area equivalenttoahole of diameter5.5")
is the most challenging one for HPI. Figure 2 shows how the
pressureinthe RCSandthe waterlevelinthe ReactorPressure
Vessel (RPV) evolve with time (upper and lower diagrams,
respectively) with one HP injection line. This information
showsthatone HP pumpis sufficientfor4"and 7" breaks, but
notforthe5.5" break. Forthisintermediate size, the pressure
remains too high for LPI. Pressure is even higher for the 4"
break case, but here the core level remains above the fuel,
because the leak rate is smaller. On the other hand, for se-
quences with HP failure and rapid cooldown, the 7" break is
the most challenging one. Whereas a 100K/h cooldown rate
is adequate for the smaller breaks, a faster cooldown rate is
required forthe 7" break to allow LP injection early enough.
Based on differencesinthe success criteria requirements, the
MLOCA range was divided into three sub-ranges. The results
of quantifying the accident sequence models are shown in
terms of Conditional Core Damage Probability (CCDP), i.e. the
probability giventhe occurrence of a break, and Core Damage
Frequency (CDF), which also incorporates the probability of
the breaks occurring (Figures 3 and 4).

The largest CCDPis found for breaks in the range 6.5-8", due
to the larger recirculation failure probability. On the other
hand, 2-4.5" breaks dominate overall risk (CDF), because
smallbreaks are relatively more likely to occurthan large ones.
Comparing the 3-subrange model with alternative models
with 2 or 4 subranges and with models based on a single
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Figure 3: Conditional Core Damage Probability (CCDP) for MLOCA
for the 3 sub-ranges.
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Figure 4: Core Damage Frequency (CDF) for all MLOCA sub-ranges.

limiting break, each with its corresponding success criteria,
showedthatthe 3-subrange modelbestaccounts forboth the
break frequency and CCDP effects.

Summary

The understanding of accident dynamics produced by DET
simulation was shown to improve the identification of PSA
success criteria. Probabilistic calculations were then per-
formed to examine the effect of these criteria on the esti-
mated risk. These analyses suggest that detailed dynamic
analysis is needed to avoid defining non-optimal success
criteria that may distort the risk.
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PANDA experimental data for validating computa-
tional tools used in nuclear safety analysis

Domenico Paladino and Michele Andreani, Laboratory for Thermal-Hydraulics, PSI

The computational tools used for assessing the safety of nuclear power plants must be validated against ex-

perimental data before they can be used with confidence for analysing hypothetical accidents. Important con-

tributions to the worldwide effort to generate a comprehensive database have been provided for the last two

decades by experiments in PANDA, which is a thermal-hydraulics facility located at PSI. The most recent PANDA

experimental programme within the OECD/SETH-2 project was devoted to creating a CFD-grade experimental

database for the assessment and validation of such tools.

Introduction

Anuclearpowerplantcontainmentbuildingisthe last barrier
for preventing the release of any radiological material to the
environment, and therefore plant safety systems mustalways
ensure complete containment integrity.

The analysis of thermal-hydraulic processes occurring in a
Light Water Reactor (LWR) containment building under acci-
dent conditions is very complex. This complexity arises from
the factthatalarge numberofinter-related variables have to
betaken into consideration inthe analysis. The performance
of active and passive safety systems would depend on the
thermal-hydraulic conditionsin the containment, and would
thereforevaryduringthe evolution of a postulated transient.
Complexity liesalsointhe modelling of the physical phenom-
ena occurring during the evolution of a transient. Advanced
Lumped Parameter (LP) and Computational Fluid-Dynamics
(CFD) codes are the tools currently being used for LWR safety
analysis. Experimental data needed forthe validation of such
computational tools should preferably be obtained from
large-scale tests, minimizing the effect of scaling distortions
in the assessment of the code models. Also, “CFD-grade”
instrumentation is required for capturing three-dimensional
effects [1]. The PANDA facility has been used for many years,
within the framework of severalinternational projects (Euro-
pean, OECD/NEA, IAEA, etc.), for investigations devoted to
improving nuclear power plant safety analysis [2]. A large
numberof organizations (research institutions, universities,
regulators, vendors, utilities) around the world have used
PANDA experimental results for assessing and validating a
broad spectrum of computational tools and for licensing
advanced passive safety systems for modern nuclear power
plants.

Figure 1: PANDA
schematic for the

Vessel 1

heat source test.

Inthe OECD/NEA (Nuclear Energy Agency)/CSNI (Committee
on the Safety of Nuclear Installations)/SETH Projects (Phase
1and 2), where PSl acted as Operating Agent, PANDA tests
were performed to investigate hydrogen behaviour (e.g.
transport, mixing, stratification, etc.) in the containment
underthe effects of basic phenomena (plume and jet) and as
the consequence of heat and mass sources created by the
activation of active and passive safety systems (spray, cooler,
Passive Autocatalytic Recombiner (PAR), rupture disk, etc.).
The SETH-2 Analytical Seminar, concluding the OECD/SETH2
Project, took place atthe OECD/NEAHeadquarters atIssy-les-
Moulineaux (France) on 12 and 13 September, 2011, with 22
presentationsand morethan 50 participants from 15 countries.
An example ofthe use ofthe SETH-2 PANDA data at PSlI forthe
validation of the codes is given below.
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Figure 2: Experimentally observed thermal plume (a) and comparison between calculated and experimental helium concentrations
at various elevations along the axis of Vessel 1 (b) for one OECD/NEA SETH-2 PANDA test.

Thermal effects of a PAR

One PANDAtestseries addressed the thermal effects ofa PAR,
in which the recombination of hydrogen and oxygen during
apostulated severe accidentis associated with an exothermic
reaction. Such aheatsource willinduce convective flow, which
will affect the overall hydrogen distribution in the contain-
ment. Forthe correct positioning of these safety components,
computational tools must also be validated with respect to
their capability of analyzing the thermal effects of PARs. For
this series, only one compartment of the PANDA facility was
used, consisting oftwo inter-connected vessels, each having
a diameter of about 4 m and height of around 8 m. Figure 1
shows these two vessels, with the heat source located in the
lowerregion of Vessel 1. Atthe beginning of the test, a helium-
rich layer (helium is lighterthan airand steam and was used
to simulate hydrogen) existed in the upper part of Vessel 1.
Then, due to the effect of flow induced by the heat source,
the helium-rich layer mixed with the containmentatmosphere
beneath. Steam condensation was avoided by choosing the
appropriate initial and boundary conditions for the test.
Figure 2a shows schematically the temperature contour map
on the vertical symmetry plane of the two vessels and the IP
for a PANDA test about 1125 seconds after the test started.
The hot plume created by the heater is clearly visible. The
origin of the horizontal axis is on the symmetry axis of
Vessel 1, with distances given in mm and temperatures in
degrees Celsius.

Figure 2b shows the comparison of the time histories of the
measured helium concentrations at various elevations with
those calculated at PSlusingthe advanced containment code
GOTHIC. This code, among its other features, permits the 3-D
representation of volumesandincludes turbulence modelling.
The model contained about 20,000 cells for representing
Vessel 1, and the mesh can be considered coarse, at least in
comparison with typical meshes used for CFD simulations.

Both experiment and calculations showed that the height of
the helium-rich layer (the initial nominal density interface is
between Levels Cand G) gradually reduced, and within 2000
secondsthefluidinVessel1above the entrance of the heater
was well mixed. The code closely predicted the progress of
the drop in helium concentration at levels G, D and C, as well
as its increase at the entrance of the heater, due to helium
transported downwards by the convection loop produced by
thethermal plume.The calculated helium concentration drop
atthe highestelevation occurred with some delay with respect
tothe experiment, butin general the simulation results were
in fairly good agreement with the data.

Conclusions

The information on mesh resolution and turbulent models
needed to simulate the thermal effects of PAR in PANDA now
allows GOTHICto be used with more confidence forthe simu-
lation of similar effects in a nuclear plant containment.
Within the planned OECD/NEA HYMERES (Hydrogen Mitiga-
tion, Experiment for Reactor Safety) Project (2012-2015), some
PANDA test series will address the thermal effects of PAR in
the presence of containment wall condensation, as well as
the combined effects of two safety components (e.g two PARs,
cooler-spray, etc).
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How mobile are sorbed cations in clay materials?

Thomas Gimmi, Laboratory for Waste Management, PSl, and Institute of Geological Sciences, University of Bern
Georg Kosakowski, Laboratory for Waste Management, PSI

Diffusion is the main transport process by which contaminants can move through clay minerals and argillaceous
rocks foreseen as barriers in radioactive-waste repository systems. The negatively charged surfaces of clay
minerals retain cationic contaminants. Such sorbed cations are commonly considered to be immobile on the
surfaces. It has been observed, however, that the diffusive flux of cations is larger than expected when consider-
ing sorbed ions as immobile. We have compiled a large quantity of diffusion data and shown that fluxes can be
modelled consistently with a surface diffusion modelwhen assigning non-zero mobilities to sorbed cations. The
improved diffusion model can be used for more accurate performance assessment of waste repositories.

The low hydraulic conductivities and the large retention ca-
pacities for many cationic contaminants make compacted
bentonite a highly suitable barrier material in radioactive-
waste repositories. Forthe same reasons, argillaceous rocks
are envisaged in many countries as potential host formations
for the disposal of radioactive waste. Molecular diffusion is
the main transport process in such compact clays, and has
been investigated at various scales. Figure 1 shows a sche-
matic representation of diffusion pathways in clays which
occur locally in parallel, and on a larger scale also in series.
Anon-sorbingwatertracer, forexample tritiated water, is able
to diffuse in the water-filled connected pore space that in-
cludestheregions nearexternalmineral surfaces andthe clay
interlayers (internal surfaces), where cations are sorbed. An
intriguing observation has been made for many cationic
contaminants attrace concentrations: Often, sorbing cations
seemtodiffuse atrates largerthan predicted from their sorp-
tion coefficients and from the diffusion coefficients of non-

sorbing water tracers. This increased solute flux was often
attributed — without proof — to surface diffusion, i.e. the
movement of sorbed cations along the clay surfaces. There
is, however, no agreement about the existence and the im-
portance of this phenomenon.

Aconsiderable amount of new diffusion datain clay materials
has been gathered in recent years, and a new evaluation of
the concept of surface diffusion seemed appropriate. We
wanted to answer the following questions: (1) Can a simple
surface diffusion model describe the general trend in all of
the data? (2) Do surface diffusion coefficients depend on the
type of clay or the experimental conditions? To answer these
questions, we compiled a large quantity of published diffusion
data and, by appropriate scaling, integrated them into a
singledatasetand estimated, foreach case, the only remain-
ing free parameter, the surface diffusion coefficient [1].

In our surface diffusion model, we differentiate between just
two “states” for cations: sorbed or in solution. This may be

Clay layer
External surface —a®® 04

Pore space —— © o ® o

Internal surface —_ @9 ® 9@ @ 0p®g ©9,000® o @

©0o%0%00 S50 ¢ 0

Stack of clay layers

Cations _,_—-.'_"."'—-.. (-] ... .... [ X< ... f.
a )

Figure 1: Schematic representation of the diffusion pathways of tracers through the pore space and (while sorbed) along the
surfaces: (a) Parallel diffusion at the local scale; (b) Serial diffusion at the sample scale.
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Figure 2: Scaled diffusion coefficients vs. the capacity ratio k
(amount of tracer in the sorbed state per amount in the pore
water). The data for each cation (or for each type of sorption in
the case of Cs) show a common trend, independent of the

clay material. The cross shows data uncertainties, lines the
surface diffusion model with fitted average surface mobilities.

an oversimplification in certain cases, but seems to be justi-
fied generally, as has become evidenta posteriori.In contrast
to the standard models, both the dissolved and the sorbed
fraction of the tracerare mobile accordingtothe poreandthe
surface diffusion coefficients, respectively, whichinclude the
effects of the tortuosity (a factor accounting for the twisted
diffusion pathways in a porous medium). The overall effective
diffusion coefficient De is then the sum of the two diffusion
coefficients, each multiplied by the correspondingtracermass
fraction. With some simplifying assumptions, we can repre-
sent D as
De= (Do [ 1) (1+Kus) Q]

where gis the porosity, Tthe tortuosity, Do the bulk water dif-
fusion coefficient of the cation, kthe amount of sorbed tracer
per amount in solution (capacity ratio), and s the surface
mobility of the cation (relative mobility on the surface as
compared to the mobility in bulk solution). In the traditional
approach, sorbed cations have zero surface mobility.

To test this model, all measured effective cation diffusion
coefficients were normalised by their Do and by the e and t of
the sample, as derived from the diffusion of a non-sorbing
water tracer. Such scaled effective diffusion coefficients
should then be equal to (1+ xus). In Figure 2, the scaled diffu-
sion coefficients are plotted against the capacity ratio . The
data follow the expected trend, when using a different ys for
each cation, or for each type of sorption in the case of Cs,
where data at trace concentrations in samples with illite be-
have differently. Figure 3 shows the distribution of all indi-
vidually calculated surface mobilities. Na has the highest
average surface mobility (about 0.5 of the mobility in bulk
water), followed by Sr, Ca and Cs, for which different types of
sorption seemto have different surface mobilities. Insufficient
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Figure 3: Box plot showing the distribution of surface mobilities
ps for different cations, as derived from the scaled diffusion
coefficients. Each box encloses 50% of the values with the
median of the mobility displayed as a horizontal line. The top
and bottom of each box mark the upper and lower quartile, and
the vertical lines extend to the minimum and maximum values
within a range defined as 1.5 times the box size. Values outside
this range are indicated as circles. The numbers indicate the size
of each sample population.

datawere available forK, Rband Cotoreach concrete conclu-
sions. The sequence follows inversely the selectivities of the
cations for the sorption sites. A comparison of Figures 2 and
3 shows that effective diffusion coefficients are increased,
even for cations with very small surface mobilities, if the
number of sorbed cations greatly exceeds the number of
cations in solution.

Our study revealed that virtually all the data follow a single
pattern that is consistent with a simple surface diffusion
model. The modelrelies on surface mobilities, butthese have
sofarbeen largely unknown. We have derived average surface
mobilities for different cations or types of sorption. These
mobilities now allow the prediction of cation diffusion coef-
ficients forany specific clay sample, based only onvalues for
its porosity and tortuosity for a watertracerand on the cation
sorption capacity. Such diffusion coefficients can then be
used in the performance assessment of waste repositories.
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Review of current and future nuclear technologies
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This work reviews current and future nuclear reactor technologies, with an emphasis on their risk, cost and en-

vironmental features. The results are based on the literature and on our own extensive assessments. The evolu-

tion of selected, technology-specificindicators is highlighted, showing reduced risks and environmentalimpacts.

Based on the implementations of our interdisciplinary assessment framework within numerous national and

international projects, the performance of current and future nuclear technologies in the context of sustainabil-

ity is briefly addressed.

Worldwide, 433 nuclear power plants, with atotal generation
capacity of 367 GW, are currently operating in 31 countries.
Nuclearenergy produces 13.0% of the world’s electricity sup-
ply. The share in OECD countries is substantially higher, at
21.1%. There are 65 reactors, with a combined generation
capacity of 63 GW, currently under construction in 15 countries,
and 151 additional reactors are planned in 22 countries.
Following the Fukushima accident, Germany decided to pre-
maturely phase out its nuclear programme by 2022. The
continued operation of nuclear power plants in 30 other
countries is uncontested. However, political decisions were
made in Germany, Switzerland, Italy and Venezuela prohibit-
ing construction of new nuclear power plants, and Japan has
scaled backits plans to increase nuclear generation of elec-
tricity.

Examples of findings

Our review [1] has addressed specific features of the various
generations of nuclear power plants, i.e. GEN I, GEN IlI/Ill+
and GEN IV.

Safety and risk aspects — The safety level of GEN Il plants
around the world is subject to extensive variation and chang-
es over time. The older Swiss plants at Beznau (KKB) and
Miihleberg (KKM) have been extensively back-fitted, leading
to radical safety improvements. The later plants at Gosgen
(KKG) and Leibstadt (KKL) were designed from the beginning
tomeetincreased safetyrequirements, using higherlevels of
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Figure 1: Risk indicators. For EPR, ranges are provided which
primarily depend on the built-in level of protection against
seismic hazards.

redundancy and separation. The Core Damage Frequencies
(CDFs) and Large Early Release Frequencies (LERFs) for the
Swiss plants are shown in Figure 1, along with our estimates
forthe European Pressurized Reactor (EPR), here representing
GEN I1I/11+ plants. The results are compared with the target
valuesforexistingand new plants, established by the IAEAin
1999.

The CDFs and LERFs for all operating Swiss plants are clearly
below the targets for current plants and below, or slightly to
moderately above, the targets for future plants. The expected
frequencyofaccident scenarios with public consequencesis
typically a factor of10-100 lower for GEN Ill plants than forthe
currently operatingtop GEN I plants. Forsome candidate GEN
IV designs, there are indications that the maximum credible
consequences of hypothetical accidents could be strongly
reduced compared with GEN Il and GEN 111
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Figure 2: Cost sensitivity for EPR.

Costs — Current generation costs of the Swiss nuclear power
plants are in the range of 4—6 Swiss cent/kWh (3.3-5.0 euro
cent/kWh), with capital costs partially amortized. Based on
areview of costs and driving factors, itis PSI’s judgment that
the cost of a series EPR built between 2020 and 2030 could
be between 3500 to 5000 CHF/kWe, with a mid-range value
of 4250 CHF/kWe. The estimated production costs are in the
range of 6.4—8.0 Swiss cent/kWh (5.3-6.7 euro cent/kWh).
Figure 2 shows sensitivity curves for an EPR, varying each
parameter from 50% to 200% of the base value shown in the
legend.

Environmentalimpacts — There is a substantially decreasing
trend for environmental indicators from Gen Il to Gen IV, as
shown in Figure 3, with the most pronounced reductions for
uranium demand and Greenhouse Gas (GHG) emissions. This
improving environmental performance, along with progress
in technology development, mainly reflects increased effi-
ciency and reduced demand for fresh uranium.

Innovative designs and fuels - Small ModularReactors (SMR)
andthorium as an alternative fuel have also been considered.
There are several dozen SMR designs based on the principle
of Pressurized WaterReactor (PWR) and Boiling Water Reactor
(BWR) lines and other, non-conventional technologies. The
implementation ofinherentand passive safety design features
can improve defence-in-depth as well as the plant economy,
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Figure 3: Relative environmental indicators per kWh generated
at Gen I, lll, and IV reactors.

e.g.through reduced design complexity, investment require-
ments and/or off-site emergency planning. The core damage
frequency of SMRs is judged to be comparable to, or lower
than, those for state-of-the-art Light Water Reactors (LWRs).
The capitalinvestment fora single SMR is much smallerthan
fora large reactor.

Since the turn of the millennium, there has been a growing
interest in the thorium fuel cycle. The use of thorium has
several advantages over the established use of uranium, in-
cluding the avoidance of very long-lived highly radioactive
wastes. A final repository is still required, but the necessary
confinementtime can be significantly reduced. The probabil-
ityofaccidentsis mainlyinfluenced by the reactordesign and
lessbythefueltype. Radioactive inventories are significantly
smallerin a molten saltreactorand the operating pressure is
alsolower, leadingto a lowerexpected risk ofa majorrelease.
Thisapplies both forthe use ofuranium and thorium. Reliable
quantitative estimates of risks and costs are notyetavailable.
Given the need for extensive R&D and stringent regulatory
requirements, the commercialisation of the thorium cycle is
expected to be highly demanding. In western Europe this
would probably take on the order of 30 years.

Nuclear energy and sustainability

As with other electricity generation options, nuclear energy
exhibits specific strengths and weaknesses. Under Swiss
conditions, the positive features include competitive costs,
safeandreliable operation, and favourable performance with
regard toimpactson climate, ecosystems and human health.
Therisks associated with current plants are clearly below the
internationally established targets, butthe publicriskaccept-
ance (which concerns both hypothetical accidents and nu-
clear wastes) has been strongly affected by the recent Fuku-
shimaaccident. GEN Ill/Ill+ plants offer decisive safety gains
with regard to accident prevention and mitigation, as well as
minimisation of the residual risk. Nuclear electricity gener-
ated by new plantsis expected to be economically attractive,
in spite of high capital costs, butonly underthe condition that
nuclearprojectsareimplemented as planned and thatbound-
ary conditions for operation remain stable fora long time. In
orderto playamajorroleinthe futureimproved performance
of nuclear energy with regard to the social dimension of sus-
tainability is called for. This is being further pursued in the
context of GEN IV developments.
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Nanotech and Nuclear — On-Line NobleChem™
Technology for Boiling Water Reactors

Stefan Ritter, Pascal Grundler and Sousan Abolhassani-Dadras, Laboratory for Nuclear Materials, PSI

Amuthan Ramar, Ines Giinther-Leopold and Niko Kivel, Hot Laboratory Division, PSI

Stress corrosion cracking in reactor internals and recirculation pipes is an issue in Boiling Water Reactors. On-

Line NobleChem™ is a technology for mitigating this cracking by efficient reduction of the electrochemical

corrosion potential, without the negative side-effects of classical hydrogen water chemistry. To achieve this

reduction, platinum is injected into the feed water during power operation and is claimed to deposit as metallic

nanoparticles on all water-wetted surfaces, and stay electrocatalytic over long periods. To verify this, a research

project has been started at PSI to investigate the deposition and distribution behaviour of platinum in Boiling

Water Reactors and has already yielded first results on how to optimise the process.

Background and motivation

Under normal water chemistry conditions in a Boiling Water
Reactor (BWR), the reactor water is highly oxidising, due to the
formation of O, and H,0, by radiolysis. This is reflected by the
high electrochemical corrosion potentials (ECPs) of the struc-
tural materials, a situation which has caused numerous corro-
sion problems in BWR plants in the past. Intergranular stress
corrosion cracking (SCC) in otherwise corrosion-resistant stain-
less steel and nickel-base alloy components of the primary
circuit have led to tremendous capacity losses in BWR plants
worldwide overthe pastthree decades, andin some cases even
challenged the integrity of the primary coolant circuit [1]. From
earlylaboratory studies, it became clearthat SCCsusceptibility
canbesignificantlyreduced by loweringthe ECP of these steels,
e.g.byinjectingH,into the feed water, which reacts with 0, and
H,0,to produce H,0 [2]. To overcome several disadvantages of
the injection of high amounts of H, (e.g. increase of the main
steam line dose rates), On-Line NobleChem™ (OLNC) technol-
ogy has been developed by General Electric-Hitachi [2]. In this
process, very dilute noble metal compounds (Na,Pt(OH)e), are
injected into the feed water, where they quickly decompose.
Nano-sized platinum (Pt) particles are formed and are able to
depositonthewater-wetted surfaces of the structural materials,
wheretheyvery efficiently electrocatalyse the recombination of
H, with O, and H,0,. With OLNC, the ECPs at all BWR locations
with stoichiometric excess of H, and a sufficient Pt coverage of
the surface can be reduced below the critical threshold value
for SCC, with very low feed water H, content.

Eventhough OLNCtechnologyisalreadybeingappliedin both
Swiss BWRs, the detailed mechanism of formation and depo-

sition of the Pt particlesis notyet fully understood. Increased
knowledge of these mechanisms would help to verify and
improve the effectiveness of OLNCin plants. Aresearch project
hastherefore been started at PSlas ajoint programme (NORA,
“Noble Metal Deposition Behaviourin BWRs”; formore details,
see[3]) alongwith the Swiss Federal Nuclear Safety Inspector-
ate (ENSI) and the Swiss nuclear power plants Miihleberg
(KKM) and Leibstadt (KKL).

Experimental

Toinvestigate Ptdeposition and distribution behaviour, stain-
less steel (AISI 304L) coupon specimens are exposed to
simulated BWR water (high-purity water, T=280°C, p = 90
bar) in a sophisticated high-temperature water loop with
autoclave (Figure 1).

Analogum
s flow
controliers

Figure 1: Schematic of the high-temperature water loop facility.
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Figure 2: Example of a SEM micrograph showing Pt distribution
(white dots) on the specimen surface (Pt injection rate = 11.6 pg/h,
particle size = 12-20 nm).

The ECPs of the specimens and the Pt sheet (redox) potential
are measured againstareference electrode and a Pt compound
(Na,Pt(OH)e) isinjected into the inlet water stream by a high-
pressure dosing pump, as in a nuclear power plant.

To study Ptdeposition behaviourand assess the effectiveness
of OLNC technology under real plant conditions, specimens
are also exposed to the reactor water in the KKL plant during
actual OLNC applications.

The specimens from the tests and from KKL are analysed at PSI
by high-resolution scanning electron microscopy (SEM) and/or
bytransmission electron microscopy (TEM). The Pt concentration
onthe surface of the specimens is measured by Laser Ablation-
Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS).

Results

Some selected results are presented here to show the effect of
Ptinjection rate on Ptdeposition behaviourand ECPreduction.
SEM and TEM investigations of specimens from three experi-
ments with different Ptinjection rates (0.2,3.8 and 11.6 pg/h)
have revealed Pt particle size distributions on the oxide layer
of the specimens of 1-3, 9-15 and 12-20 nm, respectively
(see the example in Figure 2).

According to earlier investigations [2], the reduction of the
ECP is most effective if a relatively large number of small
particles are evenly distributed across the specimen surface,
compared with larger, and therefore fewer, particles. For this
reason, the slowinjection of Ptinto the feed waterappearsto
be most effective forthe protection of the steels against SCC.
These tests also showed that lower Pt injection rates led to
an increase in the time required to deposit enough Pt onto
the steelsurfacestoreduce the ECP sufficiently, which can be
anegative feature fora commercial plant. Figure 3 illustrates
the reduction of the ECP of a steel specimen directly after
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Figure 3: Evolution of specimen (ECP) and Pt sheet (redox)
potentials during a test with Pt injection (SHE = Standard
Hydrogen Electrode scale).

starting Pt injection (t = 0), down to the level of the Pt redox
potential.

Results of analysis of the Pt surface concentration by LA-ICP-
MS showed similarvalues fordifferent Ptinjection ratesifthe
total amount of injected Pt was the same.

Conclusions and outlook

Experiments simulating OLNC applications with different Pt
injection rates have revealed thatthe best Pt particle distribu-
tion on stainless steel specimens, and therefore best mitiga-
tion of SCC, isachieved ifthe Ptisinjected very slowlyinto the
feed water overa long period of time.

However, further tests and a more detailed evaluation of re-
sults still have to be performed to confirm this conclusion.
Additional parameters (e.g. flow velocity of the high-temper-
aturewateracross the specimen and specimen surface condi-
tion) will be studied to furtherverify this process and to obtain
insights into the mechanism behind it. These investigations
willbe completed by the analysis of coupon specimens which
have been exposed to reactorwaterin KKLduring plant OLNC
applications.
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Atmospheric aerosol nucleation and the role of
sulphuric acid, ammonia and galactic cosmic rays
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CLOUD collaboration.

Aerosol particles are liquid or solid particles suspended in the air. They are needed for cloud formation, as all

cloud droplets form on aerosol particles (so-called cloud condensation nuclei, CCN). The number of droplets in

acloud has a big effect on its radiative energy balance, and therefore the number concentration of aerosol par-

ticles, as well as their formation pathways, need to be known. A large fraction of aerosol particles is not directly

emitted as particles, but rather formed by nucleation processes (i.e. formed in the atmosphere from gaseous

precursors). The CLOUD experiment at CERN has been designed to resolve this issue, where many processes are

still poorly quantified.

Introduction

Based on current model estimates, about 40-70% of cloud
dropletsinthe present-day globalatmosphere are formed on
aerosol particles that were created through the process of
nucleationinthe atmosphere, ratherthan by direct emission
of the particles into the atmosphere ([1] and references
therein). Thus, nucleation is likely to be a majorfactor control-
ling changes in the radiative properties of clouds, which has
been identified in assessments by the Intergovernmental
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Figure 1: The CLOUD experiment at CERN. The large volume (26 m?)
of the stainless-steel chamber and highly stable gas concentra-
tions allow aerosol nucleation rates to be reliably measured over
the full atmospheric range, from 0.001-500 cm=3s-".
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Panel on Climate Change (IPCC) as the largest uncertainty in
the anthropogenic radiative forcing of climate [2].

Despite more than 20 years of research on atmospheric nu-
cleation, the physicaland chemical mechanismsinvolved are
stillnotwellunderstood. Laboratory experiments, field stud-
ies and theoretical calculations show that nucleation of new
particlesisinfluenced by awide range of anthropogenic and
natural chemical species, such as sulphuric acid (H,S0,),
ammonia, amines and other organic compounds ([1] and
referencestherein).lons produced by cosmicrays also control
nucleation [1], a process that has been proposed to account
for correlations between cosmic rays and fluctuations in
clouds, weatherand climate (e.g. [3]). Furthermore, the frac-
tion of nuclei that grow large enough to seed cloud droplets
is determined by the condensation of a range of natural and
anthropogenic organic compounds, whose identities and
effects are poorly understood.

The CLOUD experiment at CERN

The CLOUD consortium was formed to resolve this highly
importantissue and iscomposed of a large international col-
laboration (see [1]). A dedicated chamberwas built (Figure 1)
which allows, forthe firsttime, the measurement of nucleation
rates with minimalinterference of contaminants, and with or
without the addition of a pion beam simulating galactic cos-
mic rays (GCR).

These first quantitative measurements of neutral and ion-
induced nucleation at atmospherically relevant concentra-
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tions (Figure 2) have a number of important atmospheric

implications:

1) Atlowtemperature, HSO4+H,0 (+ ammonia) can explain
theatmosphericnucleation and show a rate enhancement
by GCR by a factor of ~10;

2) At higher temperature (~20°C), the nucleation rate by
H,S0,4+H,0 (+ ammonia) is a factor of 1000 too low com-
pared with field observations; the nucleation enhance-
ment by GCRis only a factor of ~2;

3) Contaminants are extremelyimportant, indicatingthatall
previous nucleation experiments at low ‘pure’ H.SO4
concentrations were wrong, due to undetected contami-
nants;

4) In order to mimic the observed atmospheric nucleation
rates in the planetary boundary layer, other species in
addition to sulphuric acid, water and ammonia are
needed, most probably amines and oxidised organic
compounds. This confirms previous results from our
laboratory experiments (grey lines in Figure 2) showing
that oxidised organic compounds were able to substan-
tially enhance the observed nucleation rates [4].

Itisimportant to note that we have not shown yet if, with the
addition of organics, the ions produced by GCR induce a
similar enhancement of the nucleation rate as in the case of
pure ternary nucleation (only sulphuric acid, water and am-
monia); in fact, the enhancement is expected to be smaller.
In addition, we have not shown a link between ions from GCR
and clouds: The enhancement of cloud condensation nuclei
(CCN, the fraction of aerosol particles that are able to form a
clouddropletata certain supersaturation of water) concentra-
tions by GCR is expected to be much smaller than for the nu-
cleationrate, asthe newly formed particles need to grow from
a few nm to a size of at least 50 nm in order to be able to act
as a CCN. The latter process requires, typically, at least 1day,
during which time the particle number concentration is re-
duced by coagulation with other aerosol particles.
Inorderto finally resolve the question, a parameterization of
the full experimental space is first needed, followed by the
appropriate global modelling. This is what we plan to do in
the next few years. Ultimately, this will allow us to quantify
the impact of nucleation on global aerosol and climate.
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Figure 2: Results from the CLOUD nucleation rate measurements
and comparison with measurements in the atmospheric
boundary layer (pale circles) and in the laboratory (grey and
orange lines). The CLOUD data (large, darker symbols and lines)
show the nucleation rates, J1 7 (i.e., the formation rates of
particles with a diameter of 1.7 nm), under natural galactic
cosmic ray conditions, measured at 248 K (blue), 278 K (green)
and 292 K (red) and at NH; mixing ratios of <35 pptv (open green
and red circles), 50 pptv (open blue circles), 150 pptv (filled blue
and green circles) and 190 pptv (filled red circles). The measure-
ments at 278 and 292 K bracket the typical range of boundary
layer temperatures, whereas those at 248 K reflect conditions at
higher altitudes. lon-induced nucleation in the boundary layer is
limited by the ion-pair production rate to a maximum of about

4 cm3 s (from [1]).
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Influence of Black Carbon on recent glacier retreat
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Glaciers areretreating worldwide in response to climate change. Inaddition to increasing temperature and chang-

ing precipitation patterns, black carbon (BC) may also contribute to this retreat. BC is produced by the incomplete

combustion of biomass, coal and diesel fuels, and when deposited on glacier surfaces reduces the surface al-

bedo and enhances melting. BC concentrations in an ice core from Mount Everest showed a threefold increase
from 1975-2000 relative to 1860-1975. A pilot study on the Plaine Morte glacier in the Swiss Alps has indicated
substantial albedo reductions by BC and dark natural substances deriving from decaying organic matter.

Black carbon (BC, the absorbing component of soot) can
significantly contribute to climate change by altering the
Earth’sradiative balance.BCinthe atmosphere absorbs light
and causes atmospheric heating, whereas BC deposited on
snow and ice can significantly reduce the surface albedo,
hasten melting, and trigger albedo feedback [1]. BC is esti-
mated to have 55% of the radiative forcing effect of CO; [2],
yet BC remains one of the largest sources of uncertainty in
analyses of climate change. Records of BCmass concentration
and spatial and temporal distribution in the atmosphere are
therefore neededto determinetherole of BCin climate change.
Reconstructing BC concentrations in the Himalayas is par-
ticularlyimportant, becausethisregionisinfluenced by some
of the largest BC sources globally, with negative impacts on
climate, water resources, agriculture and human health [2].
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Figure 1: High-resolution black carbon record from the Everest
ice core. Data are re-sampled to 4 samples/year (black), due to
differences in sampling resolution over time, and smoothed
with a robust spline (red).

Furthermore, it is estimated that the largest climate forcing
from BC in snow occurs over the Himalayas and the Tibetan
Plateau.

Here we present a high-resolution BC record from a Mt. Ever-
estice core covering the period 1860-2000 AD [3] (Figure 1).
This provides the first pre-industrial to present-day record of
BCconcentrations from the Himalayas. The 108 mice corewas
collected from the East Rongbukglacier, located on the north-
east ridge of Mt. Everest (28.03 N, 86.96 E, 6518 m), on the
north slope of the Himalayas, and was analyzed for BC using
aSingle-Particle Soot Photometer (SP2, Droplet Measurement
Technologies). The SP2 uses laser-induced incandescenceto
measure the BC mass in individual particles quantitatively
andindependently of particle morphology and coatings with
light scattering material.

The high-resolution BC data demonstrates strong seasonal-
ity, with peak concentrations during the winter/spring, when
atmospheric circulation is dominated by the Westerlies, and
low concentrations during the summer monsoon season,
when southerly winds are dominant at the surface. Average
BC concentrations from 1860-1975 and 1975-2000 were 0.2
+0.3pg/Land 0.7 +1.0 ug/L, respectively, indicating a three-
fold increase in BC concentrations from pre-industrial to in-
dustrial times (BC concentrations reported here represent
lower-limit values due to potential particle losses in the
nebulizer). Higher BC concentrations in recent decades indi-
catethatBCfrom anthropogenic sourcesisbeingtransported
to high elevation regions of the Himalayas.
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Figure 2: Picture of a glacial moulin illustrating layers of annual

particulate matter deposits within the ice on the Plaine Morte
glacier.

Thetimingoftheincreasein BCis consistent with BCemission
inventory data from South Asia and the Middle East; however,
since 1990 the ice core BCrecord does not indicate continu-
allyincreasing BC concentrations. There is no corresponding
increasingtrend in dust concentrations since 1860, and esti-
mated surface radiative forcing due to BC in snow exceeds
that of dust in snow. This suggests that a reduction in BC
emissions may be an effective means for reducing the effect
of absorbing impurities on snow albedo and melt, which af-
fects Himalayan glaciers and the availability of water re-
sources in major Asian rivers.

Glaciersin the Alps have also shown a significant accumula-
tion of deposited particulate matter. A pilot study was there-
fore conducted to identify the most relevant biogeochemical
components contributing to the observed albedo reduction
on the Plaine Morte glacier (46°23’N, 7°29’E, Swiss Alps,
Figure 2).Inthe course of the ablation season in 2010, broad-
band albedo and spectral reflectance were measured and
snow samples, particulate matter and ice samples were col-
lected forbiogeochemicalanalyses. The composition of cryo-
conite (deposits of airborne particles on the glacier) was
analyzed by determining the bulk mineralogy, the organic
fraction and the elemental carbon (EC) content. BCand ECare
assumed to represent the absorbing and the elemental frac-
tions of soot, respectively. Biogenic matter and microorgan-
isms were additionally assessed qualitatively by microscop-
ictechniques. The cryoconite composition obtained was then
related to the observed albedo reduction between June and
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Figure 3: Broadband albedo reduction from 0.74 to 0.16 on the
Plaine Morte Glacier, Switzerland, between 1 June 2010 and 25
August 2010.

August 2010 (from 0.74 to 0.16, Figure 3) to quantify the rela-
tive contribution of each of the cryoconite compounds.
Cryoconite deposits were found to be heterogeneously dis-
tributed on the glacier surface, but showed comparable bio-
geochemical composition, with the predominant contribution
coming from mineral dust of local origin. Due to a lackin ac-
curate albedo models, the relative contribution of cryoconite
components to the albedo reduction could only be roughly
estimated. However, the results underlined the importance
ofboth ECand humic substancesonthe absorption properties
of cryoconiteandindicated afeedback-mechanisminvolving
liquid water. Cryoconite was enriched in organic matter and
EC compared with local loose rock, indicating slow removal
processes, high biological activity and multiannualaccumu-
lation by outcropping of dust layers from melting glacierice
(Figure 2). The overall effect of cryoconite on glacieralbedo is
expectedtobecome even moreimportantinthe future dueto
enhanced glacier retreat.
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Swiss energy strategies under nuclear and
climate policy constraints

Adriana Marcucci and Hal Turton, Laboratory for Energy Systems Analysis, PSI

The Energy Economics Group at PSlis undertaking some of the first integrated analysis of the Swiss energy sec-

tor and climate change mitigation strategies under global uncertainties. Nowadays, these global uncertainties

include global resource availability, climate policies and, as a consequence of the recent accident in Fukushima,

Japan, nuclear policies. We find that the consequences of the nuclear phase-out in Switzerland for the achieve-

ment of climate mitigation targets include the need for additional energy efficiency measures, the integration

of larger shares of intermittent renewables and trade-offs with electricity independence.

The nuclear accident at Fukushima, Japan, in March 2011, in-
creased worldwide uncertainty regarding nuclear policy. In
Switzerland, the Federal Council decided in May 2011to phase
out nuclear power by not replacing existing plants at the ends
of their respective lives [1]. In addition, Switzerland has an
ambitious target of reducing domestic greenhouse gas emis-
sions by 60% by 2050 (compared with 1990 levels) [2]. Given
that nuclear power accounts for around 40% of current Swiss
electricity generation, the Council’s decision raises important
questions concerning alternative technologies and energy-
savingmeasures neededtoachieve thesetargets. Furthermore,
available strategies for Switzerland are likely to be affected by
global or regional energy-related decisions. In this work, we
analyze the possible effect of changes in global and domestic
technology preferences after the recent nuclear accident at
Fukushima on the development of the Swiss energy system.

Approach and methodology

We address this question by exploring different scenarios of
globalandregionaltechnology preferences undera stringent
climate mitigation policy (a long-term globaltarget foratmos-
pheric CO, concentration of 400ppm, which corresponds,
according to the IPCC [3], to a “best estimate” global mean
temperature change of 2.4 °Candis consistentwith the Swiss
domestictargetmentioned above). These scenarios are ‘what
if’ analyses — rather than predictions — of the future energy
system, which contribute to identifying robust technology
pathways and possible challenges associated with climate
change and energy policies.

To develop this scenario analysis, we use MERGE-ETL, an in-
tegrated assessment model that represents the linkages

between the economy, energy sector and climate [4]. We
modified the regional definition of the model to betterrepre-
sentgeopolitical groupsandto distinguish Switzerland, which
allows usto study the effects of global factors and policies on
technology pathways forthe Swiss region. MERGE-ETLincludes
arange of technologies to supply electricity and non-electric
energy, comprising fossilfuelresources, such as oil, coal, gas;
nuclear power plants (light water and fast breeder reactors);
aswellasrenewable-basedtechnologies. Forsome ofthe less
mature technologies, the model accounts for the possibility
oftechnology learning (i.e. improvements to the technology)
arising from experience during development, production and
use.

Climate and nuclear policy results

Figure 1compares globaland Swiss electricity production with
andwithout a stringent climate target (Clim and BAU, respec-
tively), but with light water reactors available - fast reactors
are not considered. The climate policy leads to a decrease in
electricity demand, due mainly to the deployment of more-

Switzerland
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Figure 1: Electricity production in ‘business- as-usual’ and climate
policy scenarios.
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Figure 2: Swiss electricity production in climate policy scenarios
with and without nuclear generation.

efficient demand-side technologies. Moreover, renewable,
nuclear and carbon capture technologies become the pre-
ferred options to supply electricity worldwide, replacing the
fossil fuel power plants preferred in the absence of climate
mitigation policies. Nuclear power makes an important con-
tribution to electricity generation in the first half of the cen-
tury; however, global depletion of uranium resources leads
to a worldwide reduction in the share of nuclear generation
after 2050. In Switzerland, the availability of low-carbon hy-
dropowerand solaralternatives enables a complete substitu-
tion of nuclear after 2070.

Although nuclearenergy has the potentialto playa majorrole
in the future energy system, whether this potential can be
realized has become highly uncertain given recent events in
Fukushima. Accordingly, we explored some ofthe implications
of a domestic — in Switzerland and Japan - and a global
moratorium on the construction of new nuclear power plants.
If only Switzerland and Japan opt for such a policy, the global
energy system remains relatively unchanged, while a global
no-nuclear policy implies additional electricity efficiency
measures and the integration of a large share of intermittent
renewables. In Switzerland, Figure 2 shows thatthe domestic-
only moratoriumresultsin a large reliance onimports (in effect,
the Swiss reactors shiftto the EU). This produces only minimal
economic effects, but implies a reduction in self sufficiency
thatmaynotbe acceptable to Swiss policymakers. In contrast,
when the whole world implements the same policy (W in
Figure 2), Switzerland’s access to cheap low-carbon electric-
ity imports becomes limited, requiring more drastic action,
including further reductions in electricity demand, earlier
deployment of renewable generation and the use of natural-
gas combined-cycle generation with carbon capture as a
transition technology.

ForJapan, access to electricity imports is limited in all cases,
soadomestic phase-outof nuclearpowerrequires significant
changes to the energy system, while a global phase-out of
nuclear has relatively little additional effect.

The nuclear moratorium has important economic conse-
quencesintherealization ofthe global climate target. Figure 3

presents the GDP losses (compared to the BAU scenario)
associated with achieving the climate target for each sce-
nario on nuclear availability. Swiss and global GDP losses in
the global no-nuclear scenario increase substantially in the
periods when nuclear energy would otherwise be highly
competitive, due to earlier investment in solar technologies
and additional efficiency measures. However, if only Switzer-
land and Japan forgo nuclear, global economic costs are
similartothe scenariowith nuclearand Swiss GDP losses are
substantially lower (although reliance on imports is greatly
increased). Swiss GDP losses are generally lower than global
losses because the Swiss electricity sector is already rela-
tively decarbonized in the BAU scenario.
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Figure 3: Economic costs of climate mitigation, global and for
Switzerland.

In summary, the results indicate that stringent mitigation
targetsunderanuclearmoratoriumimplyimportantchanges
tothe Swiss and global energy systems, including a largeruse
of renewables, the deployment of natural gas, with carbon
captureasatransitiontechnology, and a considerablereduc-
tion in electricity demand, requiring extensive efficiency
measures.

This analysis is an extract of the work in Marcucci and Turton
[5] funded by NCCR-Climate.
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Aerosol aging caught in the act

Markus Ammann, Sarah Steimer, Goran Grzinic and Markus Lampimaki

Laboratory of Radiochemistry and Environmental Chemistry, PSI

Chemicaltransformations of atmospheric particles known as aerosol aging are crucial for their effect on human

health, climate and atmospheric composition. Kinetic experiments with the short-lived radioactive tracer >N

have provided a snapshot of reactive oxygen intermediates in protein nitration, a potential route to the formation

of allergens in biological particles. The longer-term aerosol aging efficiency is strongly linked to the physical

state of the particles, specifically to viscosity, which may control chemical reactions. Highly-focused X-rays

provide spatially-resolved information about chemical changes within the nanoworld of submicron particles.

This information willimprove our ability to describe aerosol evolution and to assess theirimpact on climate and

human health.

Introduction

Aerosol aging refers to the mostly oxidative chemical trans-
formations duringthe lifetime of atmospheric particles. These
transformations may generate or degrade toxic compounds,
they may change the effect of particles on the radiative
budget of the atmosphere, or they may make the particles
better cloud condensation nuclei (CCN) and thus influence
climate. The efficiency of chemical reactions within the par-
ticles themselves strongly depends on the physical state of
the particles. Recent research has highlighted that particles
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Figure 1. Formation of nitrated proteins in protein particles
exposed to O3 and '3N-labelled NO.. The inset shows
the suggested mechanism involving tyrosine residues.

may notonly be eithersolid orliquids, as previously thought,
but also attain semi-solid or glassy states. We have estab-
lished tools to capture the physical chemistry of particulate
matter at different spatial and temporal scales, to support
betterassessmentoftheireffectson human health orclimate.

Snapshot of protein nitration

It has been suggested that nitrated proteins are involved in
the allergicresponse of humansto bioparticles, such as pol-
len. Nitration may occur at the phenolic group of tyrosine, a
common amino-acid in proteins. PSI’s PROTRAC facility pro-
videdthe short-lived radioactive tracer >N to measure nitrate
formation in bovum serum albumin (BSA) particles in the
presence of NO, and Os (Figure 1), which involves a reactive
oxygen intermediate, a phenoxy type radical [1]. The study
alsoemphasized thewiderrole of such reactive oxygen inter-
mediates in atmospheric chemistry and, potentially, in the
health effects of particulate matter.

Humidity-driven reactivity

Reaction with Os is also an important oxidation process for
many other organic compounds in atmospheric particles,
alongwith reactions with odd oxygen orhalogen radicals that
slowly convert the primary particles into more oxidised, and
often more soluble and CCN-active, particles. The efficiency
ofthe reaction with O3 may be strongly linked to the viscosity
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Figure 2: Uptake coefficient of ozone on a thin film of tannic acid
at different relative humidities (solid lines).

by virtue of the diffusion coefficient [2]. The kinetics of the
reaction of O; with tannic acid, a proxy foratmospheric poly-
phenolic compounds, is shown in Figure 2. The uptake coef-
ficient, y, which is the rate of reaction normalized to the gas
kinetic collision rate with the surface, increases by close to
two orders of magnitude between 0% and 95% relative humid-
ity (RH). We believe that tannic acid undergoes moisture-in-
duced phase transitions, which explains the changes in vis-
cosity and diffusivity, and thus reactivity. Highly viscous
semi-solid or glassy states that are conceivable for many
soluble organic compounds lead to extremely long diffusion
times, and thus to effective shielding of reactive organic
compounds from degradation by atmospheric oxidants.

Nanochemistry in sight

The many important insights obtained so far into the chem-
istryin atmospheric particlesis from observations of the loss
of gas-phase species orfrom bulk (average) chemical analysis
of individual, or an ensemble of, particles. We have now
embarked on new avenues of interrogating the interior of
particles by applying soft X-ray scanning transmission micro-
spectroscopy (STXM) that allows spatially-resolved chemical
information to be obtained. We have developed a microreac-
tor for the STXM endstation of the PolLux beamline (SLS) [3,
4] that allows temperature and humidity of particles depos-
ited on a substrate to be controlled, and exposes them to
oxidants. As an example, Figure 3 demonstrates the distribu-
tion of oxygeninatannicacid particle swelling due to uptake
of water at different relative humidities. Shikimic acid is an
importantmetabolitein plantsand has been foundin particles
from biomass burning. It containsa C=Cdouble bond suscep-
tible to attack by Os.

8

L

Figure 3: STXM absorption images of a tannic acid particle
exposed to 40 %, 80 % and 90% RH. The images were measured
at560eV.
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Figure 4: Carbon K-edge X-ray absorption spectra of a shikimic
acid particle before and after exposure to ozone, measured at
85% RH.

Figure 4 depicts changes in carbon K-edge X-ray absorption
spectrafromindividual shikimicacid particles due to exposure
to 0s. Decreasing intensity at 285 eV (C=C double bonds) go
along with increasing intensity at 288 eV (carboxylic acids).
Such information opens the way for combined chemical and
structural information with nanometer resolution.

Acknowledgements

This work was funded by the Swiss National Foundation and
the European FP6 and FP7 integrated projects EUCAARI and
PEGASOS. The measurements on protein nitration were per-
formed in collaboration with M. Shiraiwa and U. Péschl (Max
Planck Institute of Chemistry, Mainz, Germany).

References

[1 M. Shiraiwa et al., Nature Chem. 3291 (2011).

[2] M. Shiraiwa et al., Proc. Natl. Acad. Sci. 108 11003
(2011).

[3] V.Zelenayetal., ). Aerosol Sci. 42 38 (2011).

[4] V.Zelenay et al., Env. Chem. 8 450 (2011).






User facilities

92
96
98

100

102

PSl accelerators
Swiss Light Source SLS

Spallation Neutron
Source SINQ

Ultracold Neutron
Source UCN

Swiss Muon Source SuS

<4 PhD student Nikola Egetenmeyer
preparing an experiment at PSl’s

neutron source SINQ.

The Paul Scherrer Institute develops, builds and operates Switzer-
land’s complex, large-scale research facilities, serving users from
the national and international scientific communities. The research
topics underinvestigation include condensed matter, materialsand
life sciences, energy and the environment. The facilities available
are the SINQ spallation neutron source, the SuS muon source and
the SLS synchrotron light source. These provide beams of neutrons,
muons and photons, respectively, making PSlone of only two research
centresintheworld with these three types of complementaryresearch
probes on one site.

In elementary particle physics, the studies performed at PSI are
complementarytothework carried outat high-energyfacilities, such
as the LHC at CERN. Concentrating on high beam-intensity experi-
ments with large numbers of particles enables veryrare decay events
to be detected or particle properties to be determined with great
accuracy. Experiments performed at PSI’s Ultracold Neutron Source
(UCN) will contribute to our knowledge of the fundamental forces of
nature by helping determine the properties of the neutron.
Allofthese facilities are powered by one of the two majoraccelerators
at PSI: the neutron and muon sources by the proton cyclotron, and
the synchrotron light source by an electron storage ring. An addi-
tional, smaller, proton accelerator is used for the proton therapy
facilities. A large number of scientists and technicians work at the
accelerators, forthe benefitofthe users, to ensure smooth operation
and continuous improvement in performance.

The next large accelerator-based project, SwissFEL, will provide ultra-
short, highly intense X-ray pulses for the investigation of fast pro-
cesses and the determination of molecular structures. It is planned
to begin operation of this facility in 2016.
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Operation of the PSI Accelerator Facilities in 2011

Andreas Liideke, Anton C. Mezger, Marco Schippers and Mike Seidel

Department of Large Research Facilities (GFA), PSI

The Department of Large Research Facilities has responsibility for the operation and development of the three
accelerator-based userfacilities at PSI. These are: the High-Intensity Proton Facility, the Swiss Light Sourceand
the Proscan medicalaccelerator. This article covers operational aspects of these facilities, as well as performance
highlights and new developments achieved in them during 2011.

High-intensity proton accelerator (HIPA)

In 2010, the performance of the Ring cyclotron was severely
limited by deformed trim plates. The reduced vertical aperture
caused higherextraction lossesand a distortion of the electri-
cal symmetry. The trim plates were exchanged during the
annual shutdown, and this resulted in very good performance
of the Ring cyclotron in 2011. The low beam losses made it
possible to achieve a new record beam intensity of 2.4 mA,
corresponding to 1.4 MW beam power, during several dedi-
cated shifts.

In the first week of user operation, starting on 12 April, the
stability of the facility was still impaired by discharges in the
high voltage elements of the Ring cyclotron as well as in the
ECR source. Some minor technical problems had still to be
resolved in the context of the shutdown. Thus there was a
reduced availability of = 80% during the first week of user
operation. Overthe second week, the beam current could be
raised toitsnominalvalue of 2.2 mA, and the beam availabil-
ityincreased to more than 90%. Afterthe May service, amajor
vacuum leak occurred in the Ring cyclotron, and almost two
days were necessaryto find and repairthe leak, whichwas in

> e

4 Ay
\.'Vw 1"}”‘ 0”’@ 1"!@‘

"

> hag N >
& 2

«s‘&?

bod AF £
NC P

s

Pl e " e e A
& o d o ‘,@‘ *d“
7 Ld s“’da- 'l-“p v lnd

.{V
_,_l_‘—l_ 0

9.6 Ah
delivered charge

70
[

Average availability = 91%

60

50

40

30

20 i

mean availability [%] & average production current [% of 2.2 mA]

== mean availability over production period ssmplanned service block  ——average production current (week basis)

Charge [Ah] &

| maintenance periods 1 1

Week

Beamirips (week basis) ss=delivered charge

Figure 1: Operation of the Proton Facility: availability, average current, delivered charge and beam trips.
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Figure 2: Downtime characterization for HIPA outages longer
then 5 minutes (ca. 340 hours).
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Figure 3: HIPA availability over the last 10 years.

Total beam time

To meson production targets 4952 h
ToSINQ ~4850h
Beam current integral

To meson production targets 9.6 Ah
To SINQ 6.3 Ah
Outages

Unscheduled outages > 5 min 333h
Total outages (current < 1 mA) 445 h
Availability 91%

Table 1: Operational statistics of HIPA.

an RFpickup.Asaconsequence, thatweek showed the lowest
availability for the year 2011. Two more weeks had availabili-
tiesbelow 80% (Figure 1). InWeek 28, avacuum leak nearthe
ion source, a defective collimator control module and a short
circuit in a switch used by the personnel safety system were
the main causes. InWeek 37,theion source extraction element
could not be operated at its nominal voltage and had to be
replaced. This caused 20 hours of beam interruption.
Figure 1 shows the facility availability together with the
weekly averaged production current, the charge accumulated
onthe 4 cmmeson production targetand the numberofbeam

trips throughout 2011. The overall availability of the facility
amounted to 91%, constituting a new record in the history of
HIPA.The integrated chargewas 9.6 AhonTargetEand 6.3 Ah
on the SINQ spallation target (Table 1). The various relative
contributions to the downtimesin 2011are shown in Figure 2.
The downtime was dominated by the categories of: vacuum,
RF, cooling systemsandion source. Together, these represent
more than 50% of the registered downtime. The failures re-
lated to RF were mainly caused by the aging amplifier of
Resonator 4 in Injector Il. Over the full year, the availability
was recovered tovalues obtained in previous years (Figure 3).
The UCN facility was routinely operated during 2011. For this
facility, the 590 MeV beam is switched periodically, every
twelve minutes, for time intervals of 8 seconds, from the
meson production targets towards the UCN target.

PROSCAN

The year 2011 was a very successful year with respect to the
operation of the 250 MeV SC cyclotron and the Proton Thera-
py facility PROSCAN. Figure 5 shows that the number of op-
erational hours (beam available or used) has increased to
7023 hours, with an availability of 98%. Apart from the con-
tinuation of Gantry-1operation, beam time was used by OPTIS2
for the whole year. The Centre for Proton Therapy used 3134
hours and 638 hours were used forirradiations at PIF. About
50 hours of unscheduled downtime were due to failures of
new encoders that appeared to be too sensitive to the mag-
netic field of the cyclotron. About 40 hours were lost due to
recurring water leaks in cooling panels of the RFamplifier. To
overcome this problem, the RF amplifier has been modified,
with an external heat exchanger (Figure 4), so thatall compo-
nents containing water are located outside the racks.

Acceleratordevelopments at PROSCAN were aimed at reduc-
ingthe frequency of service interventions. The lifetime of the
new tungsten puller nose has proven to be more than ayear.
Improved alignment procedures of the ion source and a new

Figure 4: New cooling system for the PROSCAN RF amplifier.
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Figure 6: Voltage pulses on the vertical deflector to modulate the
beam with microsecond speed.

chimney design resulted in areduced ion source arc current.
Due to these measures, the typical time between ion source
services has been increased from one to four weeks. A new
design of the vertical deflector plates has improved mechani-
cal robustness and service friendliness, which decreased
working time and the resulting personnel dose needed foran
exchange. A new phase-slit system at 1 MeV is being tested.
Comparedtothe presentslitsat 10 MeV, this will substantially
reduce the activation ofthe cyclotron. It mayalso allow regula-
tion of the beam intensity by slight changes in RF power.

Itis plannedto study this problem with the OPAL beam simu-
lation program, and a model of the cyclotron has beenimple-
mented forthis code. Initial studies for coupling the cyclotron
to a pulsed booster accelerator have been started. Proton
beams at higher energy are of interest for applications in
proton radiography. Inaddition, the reduced multiple scatter
at higher energy makes it possible to deliver very sharply
demarcated dose distributions for patient treatment. Alinear
accelerator (Linac), accelerating protons from 250 MeVto 350
MeV, would be pulsed at 200 Hz with a pulse width of about
5 ps. Inthis context, the powersupplyand connections of the
vertical deflector platesin the cyclotron have been modified,
to provide the possibility to pulse the cyclotron beam inten-
sitywith arisetime of 1ps (Figure 6). In this way, beam losses
between the Linac pulses can be minimized. A design study
of a Linac has been started, in collaboration with the TERA
foundation at CERN.

Figure 5: Operating hours per year, availability of PROSCAN (left) and unscheduled downtime by causes.

Swiss Light Source (SLS)

In September 2011, the Department of Synchrotron Radiation
Research celebrated ten years of user operation at the Swiss
Light Source. The accelerator crew had reasons to celebrate
as well: A new record for the vertical beam emittance [1] was
established, andthe beam availabilityin 2011 reached avalue
of 98.7%. The mean time between failures increased from
three days in the two years before to about four days in 2011.
The majorimprovement to reach this outstanding mean time
between failures was an upgrade of the arc detectors at the
four RF stations of the storage ring. Each station has two arc
detectors and, in formeryears, each detector created several
beam trips peryear. It was suspected that a large fraction of
thesearcinterlocks had been caused by noiseinthe detection
systemand notbyreal breakdowns. Coincidence arc detectors
have now been installed to improve this situation. They only
cause an RF interlock if two arc detectors close to each other
measure an arc at the same time. Indeed, none of the up-
graded detectorsdid actually measure anyarcsin coincidence.
Onlyfourarcinterlocks occurredin 2011, instead of an average
of sixteeninterlocksin precedingyears. Thisreduced number
of beamtripsis clearlyvisiblein the diagram forthe cumulative
downtime. The eventnumbers are splitinto two categories by
duration (longer or shorter than five hours, Figure 7). While
the total duration of beam outages varied by a factor of four
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Figure 7: Downtime totals for long and short events.
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Figure 9: Beam outages per failure category in 2011.

over the past few years, the cumulative time of beam trips
shorterthan five hours always stayed roughly between 60 and
80 hours. This year, short outages caused only a total of 40
hours of downtime. Figure 8 shows the number of beam trips
per year split by failure category. The Figure illustrates the
reduction of trip numbers in most categories.
Theimprovementinthe numberof RFtripsis most significant,
and this number has been continuously decreasing since
2007. Significant effort from the RF Group was required to
identifythe reasonsforbeamtripsandtoreducethe likelihood
oftheiroccurrence. As a side effect, the number of beam out-
ages with unidentified causesis now increasing. In the past,
some RFinterlocks had been caused by beam loss, eitherfrom
a sudden change in the beam load or by noise. Those beam
losses were then simply accounted for as RF trips, although
the real cause was elsewhere. Now, these beam trips have to
be examined closely in order to find their true cause. There
were just three beam outages longer than five hours in 2011.
The new cryo-cooled undulatorofthe materials science beam-
line had atrip ofthe nitrogen liquefier, causing the in-vacuum
undulatortowarm up. This, in turn, caused avacuum pressure
increase and resulted in a vacuum interlock. It took about
seven hours to recover the vacuum conditions to the level
whichisrequiredtoaccumulate beam.The diagnostics ofthe
nitrogen cooling loop have now been improved to enable an
early reaction to problems with the cooling loop, before the
vacuum is affected.

Beam Time Statistics 2011 2010
Total beam time 6824h | 77.9% | 6720h | 76.7%
e User operation 5000h | 57.1% | 5191h | 59.3%
-incl. compensation time 160 h 1.8% 227h 2.5%
® Beamline commissioning 976h | 11.1% | 680h 7.8%
¢ Setup + beam development 848 h 9.7% 845h 9.7%
Shutdown 1944h | 22.2% | 2048h | 23.3%
User operation downtimes 53 76
¢ Unscheduled outage duration 65h 1.3% 214h 41%
¢ Injector outage (non top-up) 22h 0.4% 9h 0.2%
Total beam integral 2506 Ah 2349 Ah
Availability 98.7% 95.9%
Availability after Compensation 101.9% 100.3%
MTBF 94.3h 67.4h
MTTR (mean time to recover) 1.2h 2.8h

Table 2: Operational statistics of the SLS.

Abeam interruption of seven and a half hours was caused by
atrip ofthe helium compressorofthe superconducting third-
harmonic cavity. Another trip happened later in the year,
during a shutdown, and the reason was difficult to diagnose.
An auxiliary power supply in the controller electronics of the
compressor created a transient glitch, which tripped the
compressor. After the replacement of this auxiliary power
supply, no further trip occurred. The longest beam outage
during useroperation in 2011 was caused by a water leakin a
storage ring RF klystron. The replacement of the klystron and
re-commissioning of the RF station was finished within less
than eleven hours. The operational data is summarized in
Table 2. Figure 9 shows the beam outage events in 2011, as-
signed to the different failure categories.

The rate of outages caused by fluctuations of the mains had
been increasing during the past few years. These power
glitches are caused outside PSl and are beyond our control.
Acontinued effortis undertaken to minimize the effect ofthose
glitches. Even if glitches inevitably result in beam dumps,
operational efficiency can be gained by reducing the recovery
times of affected accelerator systems.

Itis plannedtoreplace the RF cavitiesin the storagering. The
existing cavities develop cooling water leaks that are very
difficultto glue and thatcannotberepairedinatimely manner.
The new cavities have been ordered and the first one will be
installedin)anuary 2013.The plan foresees replacingjust one
cavity per year. This will allow lengthening of the shutdown
period fortheinstallation and commissioning of a new cavity,
without affecting the total amount of yearly user beam time.

References
[1 M. Boge, K. Dreyer, A. Streun and E. Meier, Beam
Assisted Girder Re-Alignment at the SLS, This report.
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Tenth anniversary —

The Swiss Light Source in 2011

Stefan Miiller, Jeroen van Bokhoven, Oliver Bunk, Christoph Quitmann and ). Friso van der Veen,

Synchrotron Radiation and Nanotechnology Department, PSI

In 2011, we celebrated the tenth anniversary of the Swiss Light Source. User operation started in 2001 with just

four beamlines. Now the SLS has eighteen beamlines, covering the entire radiation spectrum from the infrared

to the hard X-ray range. From day one of its operation, the SLS storage ring featured small-gap in-vacuum undu-

lators in combination with top-up injection. These features, combined with sophisticated beam position monitor-

ing and a feedback system, provided extremely high stability and reliability. The high quality of the instrumen-

tation and excellent support by the SLS staff provide conditions which resulted in more than 2000 publications

during the first 10 years of operation. In addition to that, a further increase in the number of new proposals was

observed. Public outreach activities included the Joint Users Meeting, international conferences and workshops,

as well as the PSI Summer School and the public Visitors Day.

User operation —still going strong after 10 years

Regularuseroperation atthe Swiss Light Source (SLS) started
in 2002.Inthe lastdecade, the number of submitted propos-
als hasincreased steadily and, in 2011, reached, with almost
800 proposals, the highest-ever request for beamtime. The
otherkey figures (Table 1), such as number of user visits, ex-
perimental days, and number of experiments are additional
proof of the continuing high user demand of the SLS.

2011 2010 2009
User visits 3338 3221 3145
Experimental days 1787 1496 1778
Number of experiments 1058 1085 1053

Table 1: SLS key figures for user operation 2009-2011.

Sixty percent of these visits are by users from outside Swit-
zerland staying more than one day at the facility. On average,
eachindividualuservisits the facility twice ayear. In general,
the three protein crystallography beamlines are visited more
often than the other beamlines.

The excellence of our user community and in-house staff is
alsoillustrated by aremarkably high number of user publica-
tions in 2011. A total of 482 publications were generated, of
which 59 were published in the leading journals Science,
Nature, Cell and Phys. Rev. Letters.

Committees —advising for the future and
evaluating scientific merit

The Photon Science Advisory Committee (Photon-SAC) metin
spring 2011. The committee is headed by Prof. Dr. Gerhard
Materlik (Diamond Light Source, Harwell, UK) and advises PSI
on the strategy to be followed forthe SLS, SwissFEL and their
collaborations.

The two Proposal Review Committees (PRCs) evaluated a total
of 778 proposals. The non-PX PRC has four sub-committees
(HardXAS, SoftXAS, Photoemission/Infrared/RIXS and Dif-
fraction/Tomography) and is chaired by Prof. Dr. Ph. Aebi
(University of Fribourg, Switzerland). The PXPRCis chaired by
Prof. Dr. Nenad Ban (ETH Zurich).

Wewould liketothankthe chairsand members of these com-
mittees for their advice and for the thorough evaluations of
the proposals.
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Figure 1: Number of submitted proposals in the years 2002-2011.
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MS beamline upgrade and new beamlines —
investments for our users

The Material Science beamline has undergone a comprehen-
sive upgrade [1]. The wiggler was replaced by a short-period
(14 mm), in-vacuum, cryogenically-cooled, permanent-magnet
undulator (CPMU, U14), and the front end and optics have
been completely redesigned to optimally exploit the charac-
teristics of the new, high brightness source. In addition to
providing fundamental improvements for both powder- and
surface-XRD experiments, the upgrade will allow new experi-
ments previously not possible. The beamline has received
first test users and will be in full user operation in 2012.

The new beamlines NanoXAS and X-Treme received their first
lightin 2010 and started to host pilot users in 2011. The third
new beamline, Phoenix, already started to host regularusers
in the second half of 2011. Phoenix and X-Treme are both
beamlines for X-ray absorption spectroscopy, with Phoenix
focusingon environmentaland materials research and X-Treme
on research of magnetic phenomena in high magnetic fields
and at low temperature.

PEARL (Photo-Emission and Atomic Resolution Laboratory) is
a new soft X-ray beamline dedicated to surface science. The
main synchrotron-based technique is photoelectron diffrac-
tion, while scanningtunnelling microscopy provides comple-
mentary real-space information. This beamlineis co-financed
by 4 Swiss institutions and received its first lightin December
2011. Commissioning of the optics and installation of the
end-station are planned for 2012.

Summer School and Joint Users Meeting —
training and knowledge exchange

The PSI Summer School in Condensed Matter Research was
established to provide education for PhD students and post-
doctoralfellows workingin condensed matter physics, mate-
rials science and related fields. It enables students to work at
the frontiers of science and technology by providing expert
training in the use of large-scale facilities, which is not avail-
able within the traditional system of graduate and post-
graduate education. At the 2011 Summer School, more than
20 world experts introduced the different aspects of phase
transitions from experimentaland theoretical points of view.
The School broughttogether96 participants with 20 different
nationalities and affiliations (Swiss (55), EU (38), others (3)).
Following the school, practical training at PSI allowed 23
students to receive hands-on experience of state-of-the-art
instrumentation using photons, neutrons, and muons.

The Joint Users Meeting, JUM@P, is organized jointly by the
Muon (SpS), Neutron (SINQ) and X-ray (SLS) facilities to gen-

erate synergies between scientists driven by common scien-
tific, rather than technical or method-related, interests.
JUM@P’11 consisted of a plenary session on thefirst day, and
seven parallel topical workshops on the second day. During
these sessions, a total of 81 oral presentations were given
and, in addition, two poster sessions, with a total of 76
poster contributions, were organized. Two hundred partici-
pants actively contributed to the meeting, testifying to the
greatinterest of the community. One highlight was the award
ofthe second PSIThesis Medal to Elena Mengotti forher PhD
thesis on Artificial kagome spin-ice systems.

Tenth anniversary and scientific highlights

The tenth anniversary was celebrated along with the key
peopleinvolvedinthe design, building, and operation of the
facilityaswellas the stakeholders with a specialrelationship
to the facility, including financial partners, key users, staff,
neighbors, representatives of Federal and local authorities,
and many more. The celebration was a great opportunity to
give an overview of the very successful period from the start
of the first beamlines up to the full extension of the instru-
mentationto 18 operationalbeamlines. The ceremony allowed
onlyafew highlightsto be mentioned, selected from the more
than 2000 publications, which include life science, physics,
chemistry, materials and environmental science. The keyrole
played by the in-house staff and the strong involvement in
X-ray instrumentation and detectors was apparent.

We thank all of our users for their loyalty, for the excellent
sciencetheybroughttothe SLSduringthe pasttenyearsand,
last but not least, for their friendly cooperation.

References
[1 Ph.Willmottetal., The Materials Science Beamline up-
grade, This report.
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The Swiss Spallation Neutron Source: SINQ 2011

Stefan Janssen, Christian Riiegg, Werner Wagner and Kurt N. Clausen
Department of Research with Neutrons and Muons (NUM), PSI

Theyear2011was again highly successful regarding both target and user operation at PSI’s neutron source SINQ.

Thanks also to the excellent performance of the PSI proton accelerator, SINQ received the highest total charge

ever. The number of publications produced by SINQ experiments (almost 140) and of new proposals (more than

400) also provided new records in the history of user operation. In the future, users willadditionally benefit from

the new thermal triple-axis spectrometer EIGER and from the novel setup for differential phase contrastimaging

on the ICON beamline.

SINQ target and user operation:
A year of records

Theyear 2011 was outstanding for SINQ with respect to both
targetand useroperation. Afterthe installation ofthe 8" SINQ
targetduringthe spring shutdown (lead in Zircaloy tubes and
lead blanket as in the Generation 7 target), the new target
received a total charge of 6370 mAh, which clearly exceeded
the previous maximum of 6220 mAh from 2009. Thisis espe-
cially remarkable, since the operation period was shorter
than usual (no acceleratoroperationin December). The gain
was due to three reasons: (i) the outstanding performance
of the proton accelerator, with an availability of 91%; (ii) a
furtherincrease in the proton current, with many highly sta-
ble periods of 2.2 mA; and (iii) the again outstanding avail-
ability of SINQ itself (97%) with respect to the proton accel-
erator.

These excellenttechnicalboundary conditions allowed almost
440 experimentsto be performed onthe12SINQinstruments
which were open foruseroperationin 2011. The average dura-
tion of a SINQ experiment was 4.4 days.

As in previous years, the scientific use of SINQ was domi-
nated by Swiss groups, which used 55% of the available ex-
perimental-days. Apart from users affiliated to PSI, most of
the Swiss user groups came from ETH Zurich (17%), EPF
Lausanne (9%) and Empa (4%). But SINQ is an open-access
infrastructure and is fully integrated into the international
neutron scattering community: In total, more than 440 differ-
entusersfrom 34 countries came to PSIto perform experiments
at SINQ in 2011; 32% of the beam time was used by groups
from the European Union and 13% from the United States,
Japan, India and other countries.

Mostuserswere atthe early stages of their careers: 61% were
undergraduate students, PhD students or Postdocs and more
than 40% were 30 years of age or younger. This fact clearly
emphasizes the important role that national user facilities
such as SINQ play in scientific education.

More than 400 new proposals

Obviously, the demand forbeamtimeisone ofthe key figures
fordemonstrating the attraction of a userfacility forthe com-
munity.

In 2011, the PSI User Office received 403 new SINQ proposals
—avaluethatexceededthe previousrecord from 2010 by 14%
(seeFigure 1). Most ofthe new proposals asked forbeam time
onthe SINQ diffractometers (130), followed by the request for
small-angle scattering instruments and reflectometers (113),
the spectrometers (91) and the two imaging instruments
NEUTRA and ICON (69).

Thisisaveryclearstatementbythe usercommunityand should
augur a bright future for the PSl spallation neutron source!
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Figure 1: Number of SINQ proposals submitted in the period
2007-2011.
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Figure 2: The new EIGER spectrometer. Construction was
completed in Nov. 2011 and commissioning will start in 2012.

Instrumentation and highlights

The construction ofthe new thermal triple-axis spectrometer
EIGER was completed successfully in November 2011
(Figure 2).1n 2012, the instrument will be commissioned with
firsttest experiments and, afterfurtheroptimization, willthen
enterthe user program. The EIGER spectrometer extends the
energy range of spectrometers available at SINQ. It offers in-
cident energies of up to 70 meV, in combination with all
sample environment devices available at SINQ, whichinclude
high-field magnets up to 15T, high pressures using a Paris-
Edinburgh press operating down to 4 K and up to 150 kbar,
and ultra-low temperatures down to 50 mK.

Together with the groups of T. Forgan and E. Blackburn from
the University of Birmingham, a high-field solenoid magnet
(up to 17 T) was tested on the small-angle scattering instru-
ments SANS-I. Studies of flux-line lattices in high-temperature
superconductors remain a very strong activity at SINQ. With
the new maximum field of 17 Tat SINQ, such studies can now
be extended to uncharted territory in the phase diagrams of
these materials.

The unique possibilities of the SANS-I instrument, allowing
high-magneticfields and ultra-low temperatures, and the use
of polarized neutrons as well as of the other instruments at
SINQ, led to a continuously high demand for beam time, and
consequentoverload. Additionaldays ofbeam time have been
made available in 2011 and 2012 to the user programme, to
maximize the number of experiments.

The two facilities for neutron imaging (ICON, NEUTRA) were
extremely well used by scientific and industrial users. ICON
was upgraded with a permanent setup for differential phase-
contrastimaging using the grating interferometry technique
andaninsertforenergy selection (TESI). The highest demand

Figure 3: Users from the Institute of Physics (Beijing) at the
RITA-2 spectrometer at SINQ, where they are investigating novel

superconducting materials.

was forhigh spatial resolution tomography, where we still see
a potential for improvement. One of the major successful
projects was the non-invasive analysis of diesel particle filters
on micro and macro scales.

Materials science remains the main activity of research at SINQ.
Materials for energy storage and conversion, for nuclear
safety, for future information and other technologies and for
health care were intensely studied on all instruments. Exam-
ples for the groundbreaking research done at SINQ are pre-
sented in this report (e.g. on advanced drug delivery systems
[1]). Results were published in almost 140 papers in peer-re-
viewed journals.Amongthe highlights are studies of microgels
[2], which are model systems of particles with controllable
interactions, of self-assembly of members [3], which are in-
vestigated by neutron reflectometry, and of novel magnetic
materials [4], which reveal their secrets in inelastic neutron
scattering experiments using the highest energy resolution
available at SINQ on the MARS spectrometer.

Training and education of students remain an importantactiv-
ity at SINQ, with several schools, practical courses and work-
shops organised every year. Young talent and enthusiasm,
togetherwith strong nationaland international collaborations
and new projects on the horizon, such as the European Spal-
lation Neutron Source ESS, make the future appearto be very
bright for neutron scattering.

References
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The new Ultracold Neutron user facility UCN
delivers first neutrons to the nEDM experiment

Bertrand Blau, Klaus Kirch, Bernhard Lauss and Philipp Schmidt-Wellenburg,
on behalf of the PSI UCN projectteam and the nEDM Collaboration,
Spallation Neutron Source Division and Laboratory for Particle Physics, PS/

Approval by the Federal authorities in June 2011 marked the official start-up of operation of the second spallation

target station at PSI. The new user facility, UCN, is named after the acronym for the “Ultracold Neutrons” produced

there. These very slow neutrons can be used for fundamental particle physics experiments. Soon after start-up,

fully-automated UCN fills were being reliably delivered to the two experimental areas. The intensity increase,

compared with tests in 2010, yielded UCN densities comparable to previous measurements at the ILLat Grenoble.

While improvements are under way, the search for an electric dipole moment of the neutron, nEDM, at PSI has

already begun. Finding an nEDM different from zero would help explain the excess of matter over antimatter in

the universe.

First operation of the UCN source

After approval for operation given by the Swiss Federal au-
thorities at the end of June 2011, the UCN source [1] started
beam operation on 3 Augustand delivered neutrons up tothe
accelerator shutdown on 2 December. Over this period, all
subsystems were safely operated and studied in some detail.
Fromthe beginning, enough neutrons were producedto allow
commissioning of the nEDM apparatus along with the UCN
source optimization studies, such as shutter timing, beam
optics tuning or cryogenic operation sequences. Operation
with full proton currentwas soon standard and many measure-

ments were carried out to better understand the source per-
formance. By November, the UCN intensity delivered (Figure 1)
was a factor of 67 higherthan the best value obtained during
commissioning in December 2010. This can be mainly attrib-
uted to a high ortho-concentration of the deuterium (~98%),
better crystal quality (now frozen from the liquid state), and
higher proton beam intensity.

The large, 30 litre deuterium crystal could be liquefied and re-
frozen severaltimes underdifferent conditions to studythe effect
ofthe crystallization procedure on the UCNyield (Figure 2). Itwas
found that the process needs to be improved, as control-valve
restrictions did not allow sufficiently slow crystallization.
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Figure 1: UCN counts observed in a detector on beamline West
after a proton beam pulse. To reliably compare different
conditions, pulses of 2 s length (so-called normpulses) with all
shutters open are used (black and blue curves). The short, 7 ms
pilot pulse (PP) is used for proton beam positioning before the
long beam kick. The red curve shows the counts for the case
when, after a 6 s beam pulse, the shutter on the storage vessel
bottom is closed and UCN are then guided to the detector.
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Figure 2: Liquefaction of a 30 litre solid deuterium crystal
monitored with UCN counts. The high initial UCN production in
the solid deuterium crystal (red dots show the integrated counts
for normpulses) decreases during warm-up, because of increasing
crystal temperature. While warming up, the deuterium (D)
pressure (blue curve) shows an increase up to the triple-point
pressure (171 mbar), followed by a constant regime, where the
solid-to-liquid phase transition takes place. Further warming
vaporizes the liquid and the pressure increases again.
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Figure 3: Neutron precession chamber of the nEDM experiment.
Spin-polarized UCN are confined for 150 to 250 s between two
electrodes in an electric field up to 130 kV / 10 cm and a homoge-
neous magnetic field of 1uT. UCN spins precess at about 30 Hz.
An electric dipole moment could add a few nHz to this frequency.
Detecting this tiny change is the goal of the experiment.

With fully-automated operation of the proton beam and the
UCN source, 15t0 20 million UCN every 480 s could be delivered
to the experiments by November.

The search for a permanent electric dipole
moment of the neutron (nEDM)

Cosmology and the Standard Model of particle physics (SM)
explain an impressive amount of the visible universe with a
hitherto unachieved consistency. At the same time, cosmo-
logical observations indicate that the Standard Model is not
yet complete. One clear hint is the 9 orders of magnitude
discrepancy between the observed matter-to-antimatterratio
inthe universeandthe predictions of SM calculations. In both
approaches, mathematical symmetries play an important,
unchallengedrolein explaining the origin of both matterand
thefundamentalforces which govern theinteraction of matter
particles. Fundamental symmetries, such as time reversal
symmetry, must be broken [2] to explain the observed pre-
dominance of matterin the universe.

The search for an nEDM is a direct search for a violation of
time-reversal symmetry indicated by correlation between
electricfield reversaland changeinthe measured precession
frequency of neutrons in magnetic and electric fields
(Figure 3). The discovery, or the exclusion, of an nEDM with
increased sensitivity would immediately have a paramount
impacton proposedtheoretical solutions tothe shortcomings
of the SM (see also [3] in this report).

During 2011, the international nEDM collaboration [4] made
major progress in establishing the required sensitivity of the
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Figure 4: A Ramsey Curve, observed for the first time with UCN at
PSI. The relative number of spin-up or spin-down UCN counts
observed after a precession time of 250 s depends on the
magnetic field and the spin flipper rf frequency; if precession and
rf are in phase, all UCN having initially spins-up are turned down;
out of phase, many fewer are turned. An additional frequency
dependence on the applied electric field would indicate an nEDM.

improved apparatus originally used to give the present nEDM
limit[5]. With the new UCN source, we are anticipatinganincrease
by a factor of 25 in neutron density within our measurement
chamber.Thisincrease in statistical sensitivity hasto be matched
by better understanding and control of systematic effects.
Major sources of systematic effects are magnetic field inho-
mogeneities and instabilities which could mimic an nEDM
signal. As shown in Figure 3, we have now installed a dedi-
cated array of optically-pumped caesium magnetometers [6]
for better control of the vertical magnetic field gradients in
our apparatus. This allowed, without further fine tuning of
magnetic field parameters, neutron properties correlated with
magnetic field to be measured verywell (Figure 4). Dedicated
measurements with our mercury co-magnetometer reduced
systematic effects correlated with the reversal of the electric
field to a tolerable level. With increased ultracold neutron
intensity at PSI, the Collaboration plans to take data for ap-
proximately 400 nights over the next few years, to reach a
statistical sensitivity of 6(nEDM) = 1.5x10%’e - cm, in orderto
find an nEDM. Together with uncertainties from systematic
effects at the same level, this would lead to an upper limit of
[nEDM|<5x107?"e -cm (95% C.L.) in the case of a null result
— compared with 2.9%x1072¢ e-cm, which is the best current
result (RAL/Sussex Collaboration).
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The Swiss Muon Source SpSin 2011

Elvezio Morenzoni and Robert Scheuermann, Laboratory for Muon Spin Spectroscopy (LMU);

Konrad Deiters, Departmentof Large Research Facilities (GFA); Stefan Janssen, Department of Research

with Neutrons and Muons (NUM), all PSI

The Swiss Muon Source continues to be an intensively requested facility, delivering topical results in magnetism,

superconductivity and other topics of materials science. Besides its research activities, a vigorous development

programme has allowed substantial progress to be made towards a new high-field, low-temperature instrument
and new capabilities for the low-energy muon beamline.

User Laboratory SuS

The Swiss Muon Source, SpS, is one of PSI’s highly successful
userfacilities. In 2011, the facility again welcomed users from
allovertheworld; intotal, about 160 different scientists came
to perform their muon spin resonance experiments at one of
the six available SuS instruments. Almost 700 days were of-
fered on the instruments and more than 220 experiments
could be performed.

In 2011, alarge share of beam-time was used by Swiss groups,
35% of beam-time was given to users from EU member coun-
tries, and another 15% to user groups from other countries,
includingJapan, Russia, Canada and the US. Itis remarkable
that the second-largest foreign user group (behind the UK
(11%)) came from Japan (8%), followed by Germany and Italy
(both 7%). In total, in 2011 users from 19 different countries

Figure 1: During the autumn of 2011, the PiE3 beam area was
extended to deliver a fully polarized muon beam to the

High-Field pSR facility. The picture shows the two spin rotators,
with a refocusing element in between.

performed their experiments at SuS, a number that demon-
strates the significant role played by the PSI muon facility for
the international user community.

Research

The papers which appeared in 2011 reflect the scientific rel-
evance of the use of muons in condensed matter research.
Theseinclude publicationsinjournals with highimpactfactor,
such as Science (1), Nature Journals (3), Journal of the Ameri-
can Chemical Society (1), Physical Review Letters (5) and the
28 papersin PhysicalReview B. SuS continued to be the lead-
ing SR centreinthe world forthe investigation of iron-based
superconductors. This research has been further stimulated
by the synthesis of new superconductorsinthe crystal growth
group ofthe Department ofResearch with Neutronsand Muons
(NUM). A summary of this research is reported in a separate
contribution to this report [1]. The unique depth-dependent
magnetic information obtained by low-energy muons has
also resulted in several scientific highlights, including the
demonstration of dimensional control of electronic properties
in oxide superlattices.

Developments

Besides the continuous development of all instruments, a
dedicated spin rotator for the low-energy muon facility has
been developed and built. This crucial upgrade, which will
allow so-called longitudinal field measurements to be per-
formed, is now ready to be installed and putinto operation.
Essential progress has been obtained towards the realization
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of the new high-field pSR instrument, currently the major
project of the Laboratory for Muon Spin Spectroscopy (LMU).
The main components of the new facility were installed to-
wards the end of 2011. The high-field pSR instrument, which
isthe only one of its type in the world, will allow a previously
inaccessible range in the B-T phase diagram of condensed
matterto be studied, ranging upto 9.5 Tand down to ~20 mK.
The facility willmake use ofa ~28 MeV/c muon beam. For most
experiments, the spin of the originally fully longitudinally
polarized muon beam must be rotated by 90°. This rotation
isachieved byadevice called a ‘spin-rotator’, which provides
crossed electric and magnetic fields, both applied perpen-
dicularto each otherand to the muon’s momentum. In addi-
tion to rotating the spin, it also acts as a velocity filter (Wien
filter) and separates the muons from other particles con-
taminating the muon beam (mainly positrons).

The design parameters for the spin-rotator device originate
fromthe preferred properties of the muon beam used to study
the properties of the target in the spectrometer. Based on
experience with otherhigh-voltage devices at PSI (e.g. forthe
design of oil-insulated vacuum feedthroughs) and techno-
logical standards, the maximum supply voltage forthe device
was chosento be £ 200 kV, with an operating voltage of £ 175
kV. The gap between the two electrodes has to be as large as
possible for maximum transmission, and the length of the
electrodes short. Agood compromise was found by choosing
distances of 120 mm for the electrode gap and 1800 mm for
the effective length. The matching magnetic field for the op-
erating voltage is then ~38 mT. A single device with these
parameters leads to a spin rotation of 45°; therefore, two
identical devices have been built,andinstalled in series, with
arefocusing quadrupole tripletin between.

Because of the complexity of the system (high-voltage tech-
nology, electricand magnetic field matching, vacuum, control
system), and in orderto ensure compatibility with PSI stand-
ards, the decision was made to use in-house expertise and

design the whole device at the Institute. Commercially avail-
able components were used whenever possible. However,
critical parts were manufactured at PSI or specially supplied
by Swiss companies. The design of the electrostatic compo-
nents was checked by means of mathematical simulations
using the ANSYS electrostatic module, with an envisaged
upper limit of 80 keV/cm for the electric field. The design of
the beamline, including the spin rotators and the magnets,
was based on simulation of particle transport with the pro-
gramsTransportand Turtle. Finally spin rotation and transmis-
sion efficiencies were optimized by using TRACK and Geant4
Monte Carlo simulations. First measurements demonstrated
abeamline performance as expected, with a rate of ca. 5000
p*/(mA-s-mm?).

The spectrometer magnet is a custom high-homogeneity
split-pair recondensing system from Oxford Instruments. Its
maximum field is 9.5 T, with a homogeneity of better than
0.1 mT over a centre volume of 10 mm diameter and 4 mm
length. The detectorsystemis based on directreadout of fast
plastic scintillators (Eljen EJ 232) by Hamamatsu, Multipixel
Photon Counters (MPPCs) and front-end electronics developed
in-house. The overall time resolution is better than 80 ps
(including full DAQ electronics).

Toconclude, 2011was anothervery successfulyearforapplied
muon physics at PSI. This has also been confirmed by an in-
dependent panel called in to evaluate the past 5 years of re-
search activity atthe Laboratory for Muon Spin Spectroscopy.
We are also confidentthatthe importantdevelopmentswhich
took place during the past year will soon bear scientific fruit
andwill contribute to maintaining the leadingrole of the Paul
Scherrer Institute in the use of muons for condensed matter
research.
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Technology transfer

106 Overview, projects in
materials science,
nuclear safety and
energy technology

The design and construction of the large research facilities at the
Paul Scherrer Institute constantly require new and innovative solu-
tions atthe cutting-edge of currenttechnologies. Both scientistsand
engineers atthe Institute are successfully pushing the limits in vari-
oustechnologicalfields, from powerelectronics to precision machin-
ing to nanotechnology. Alongside achievements in the various re-
searchfields beinginvestigated at PSI, these accomplishments offer
outstanding opportunities for commercialization by industrial part-
ners.

TheTechnology Transfer office at PSlis ready to assist representatives
fromindustryintheirsearch foropportunities and sources ofinnova-
tion at PSI, or to prepare the way for solutions to their own techno-
logical challenges.

Thefollowing pages present some promisingtechnologies stillto be
discovered by ourindustrial partners.

<« PSl scientists Beat Baumgartner
and Hans Leber discussing
the results of their research on
the behaviour of steel under
different ambient conditions.
(Photo: Scanderbeg Sauer Photography)
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Technology Transfer:

At the gateway between research and industry

Robert Rudolph, Technology Transfer Office, PSI; Benjamin Watts, Laboratory for Condensed Matter, PSI;

Daniele Passerone and Donat Adams, Empa; Salvatore Daniele and Peter Jansohn, Combustion Research

Laboratory, PSI; Salih Guentay, Laboratory for Thermal-Hydraulics, PSI

The mission of the Technology Transfer office is to facilitate the transfer from the laboratories to industrial ap-

plications of inventions and technologies generated by PSI’s broad research activities. Such transfer activity

aims to increase the competiveness of PSI’s industrial partners in their markets by offering innovations for new

products and processes, or opportunities for further developments and improvements. If this economic impact

consequently creates new employment and new products that improve everyday lives, the society supporting

our Institute benefits from the exploitation of our scientific work.

Technology-transferprojects rely on the quality of the relation-
ships betweenthe personsinvolved in differentaspects with
both partners. A major factor shaping these relationships is
the layout of the contractual framework and collaboration
concept adopted for each transfer project. The greatest task
within these boundary conditions is the alignment of the
needs and expectations of the industrial and scientific part-
ners.

The most effective way of transferring competencies in tech-
nologies and know-how is to “transfer” people, who not only
take along additional intangible knowledge to the company
but also the enthusiasm to transform their research into in-
dustry-standard applications. PSI has experienced the suc-
cessful “person transfer” of both PhD graduates and senior
scientists.

A very useful way of supporting industrial research and de-
velopmentisto make available theinstruments and methods
used atourlargeresearch facilities. Asa userlab, PSl develops
and operatesinstruments and equipment forawide range of
applications, from materialand structure analysis to imaging.
The services offered by PSl include the evaluation of the ap-
propriate measurement configuration, support with data
acquisition and expertise in data analysis. The following
section showcases the work performed at the Swiss Light
Source (SLS) inthe context of anindustry-sponsored research
projectonthe subjectofthe molecularorientation of polymer
surfaces.

From the economic point of view, the most significant model
of technology transfer is to have projects involving intellec-
tual property rights (IPR) generated at PSI. Ifitis the granting
of rights to use PSl-owned IPR, or the transfer of patents, the

industrial partner expects a direct economic advantage from
applying such protected IPR in their products and is ready to
compensate PSI for this advantage. A successful licensing
case concerning an invention to retain iodine in aqueous
solutions is presented as the second example below.
Research collaborations offer companies the opportunity to
tap PSI’s know-how and technologies early in the innovation
process. Depending on the technological situation and re-
quirements, a collaboration framework will be set up that
equally matches the interests of the industrial partner and
PSI. Anagreementwhichincludesthe project plan, provisions
on intellectual property and confidentiality is the basis for
such collaboration. The Laboratory of Combustion Research
at PSlis a leading lab in the research of combustion, in par-
ticular for gas turbines. A better understanding of the para-
meters involved in gas combustion leads to increased fuel
efficiency and reduced emissions. The lab has established
state-of-the-artinfrastructure thatcan be usedin collaboration
projects with industry, as presented in the final example
given here.

Ifyou are interested in one of the technology transfer models
described above, orifyou are looking for advice or consulta-
tiononaspecifictopic, the Technology Transfer office is ready
to connectyou with the matching competencies at PSI.

Molecular order in polymer films

The PolLuxbeamline enables a powerful combination of high-
resolution microscopy and soft X-ray spectroscopy, applicable
to a wide variety of scientific studies. One project currently
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Figure 1: Schematic of Rolic Technologies Ltd LCMO technology in
liquid crystal display.

beingundertakenin collaboration with Rolic Technologies Ltd
and Empa (and with additional funding from the Competence
Centre for Materials Science and Technology of the ETH Board
(CCMX)) involves measuring the molecular orientation of
polymer surfaces. This is being performed in order to further
understand Rolic’s Light Controlled Molecular Orientation
(LCMO) technology, which is widely implemented in LCD
manufacture to enhance the effectiveness and efficiency of
LCD devices. The LCMO technology induces specific orienta-
tions in adjacent liquid crystal layers through the ordering
and alignment of surface moieties of the polymer that are
formed underillumination with polarized UV light.
Near-edge X-ray absorption fine-structure (NEXAFS) spectros-
copy experiments have been performed atthe PolLux beamline
ofthe SLS to examine the abundance and orientation of vari-
ous chemical species on the polymer surfaces. NEXAFS
spectra are composed of “near-edge” resonances, in which
X-ray absorption is enhanced at specific X-ray energies that
correspond to electronic transitions from the inner K-shell to
unoccupied molecular anti-bonding orbitals. Furthermore,
theintensity oftheseresonances dependsontheirorientation
with respecttothe electricfield ofthe linearly polarized X-ray
beam probe. Since the energy and orientation of the probed
anti-bondingorbitals are closelyrelated to the types of bonds
and molecular structures of the sample molecules, NEXAFS
spectroscopy can provide information about the orientation
of specific parts ofthe largerpolymermolecules and determine
the chemical and structural changes that occur via the reac-
tions under UV light in the LCMO technology.

Theoretical calculations of molecular dynamics, as well as IR
and NEXAFS spectra, performed at Empa provide comparison
tothe experiments andinsightinto the physicaland chemical
processesoccurring on the polymer surface. NEXAFS spectra
contain a wealth of information in their closely spaced reso-
nance peaks, and so are difficult to analyze directly. Theo-
retical calculations, on the other hand, provide details on
which molecular shapes, orientations and interactions are
possible and what the resulting spectra would look like.
Comparisonwith the experimental spectra then shows which
of these possibilities are chosen by nature.

Agreaterunderstanding ofthe LCMO technology will acceler-
ate the development of LCD devices that provide improved
brightness and contrast, while atthe sametime requiring less
powerforoperationandincurring lower manufacturing costs.
The project will also benefit other applications of the LCMO
technology, such as the optical security elements for bank
notes, identity cards and otheritems requiring high-resolution
recognition and authentication, brought to market by Rolic
Technologies.

Innovative research to improve nuclear plant
safety during a severe accident

lodine is a fission product which could possibly be released
in quantity during a severe accident involving core damage.
Due to its readiness to react with other fission products and
containment surfaces, and its rather complex chemistry in
water, volatile iodine forms can be generated in the contain-
mentathigh concentrations. Itsrelease into the environment
above a certain amount might cause health problems due to
inhalation. Although huge efforts have been madeinthe last
three decades, the chemistry leading to the formation of
gaseous species of iodine is still not well understood. In ad-
dition, filtration technologies already developed are not
sufficiently effective at filtering gaseous iodine species and
retaining them in the filter system to be able to prevent their
release into the environment.

Sincethe early1990s, many nuclear power plantsin theworld
have been backfitted with containmentventing filter systems,
to eliminate containment failure at high pressure by venting
as well as to limit activity release during venting by filtering.
However, none of the systems available on the market have
demonstrated the ability to effectively filter highly volatile
iodine gaseous species, such as organic iodides, and to
prevent the furtherrelease of captured iodine.

Figure 2: In-situ irradiation test facility.
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PSI has developed a unique chemical process to efficiently
and effectively scrub volatile iodine species from gas flow in
awaterpool,andalsoretainalliodine species, by eliminating
thermal and radiolytic oxidation by binding iodine with the
simultaneous use of areducing agent and a co-additive. The
co-additive catalyses the reaction of the reducing agent with
gaseousiodine species, elementaliodine and methyliodide,
and at the same time binds the iodine into a stable form in
the presence of thermal and radiation fields. Over one thou-
sand experiments in specially developed facilities (Figure 2)
have proved the effectiveness of the process and provided a
sound data base for the implementation of the process in a
containment venting filter system.

PSl provided supportto the company IMI/CCIAG in the devel-
opment of a containmentventing filterin the late 1980s, and
later conducted a qualification programme foraerosol reten-
tioninthe early1990s, and foriodine in the early 2000s. The
resulting CCl-Filters have already beeninstalled in three Swiss
nuclear power plants.

CCl AG has shown interest in improving the filtration effi-
ciencyofitsfirst-generation containmentventingfilter system
by incorporating PSI’s iodine management process, which
will lead to a second-generation containment venting filter
system. Through a licensing contract, the technology devel-
oped at PSI is currently being transferred to CCl, which is
working hard to broaden the marketing possibilities for this
second-generation version of its filter system.

Turbulent premixed combustion at high pressure

Lean premixed combustion is considered to be the state of
the art technology for high efficiency and low-emission
power generation in stationary gas turbines. One of the most
important parameters for stable and safe combustion is the
turbulent burning speed, St. This describes the specific fuel
consumption rate and is anindispensable design parameter
for all combustion devices. Despite intensive research in
premixed combustion, there are still many open questions
that call for pressing answers (e.g. how to achieve ultra-low
NOx emission). To address these issues, PSI can offer the
proper experimental infrastructure and measurement tech-
niques.

Experimental Capabilities

Combustion experiments can be carried out in the facility
depictedinFigure 3. Thistestrig delivers amaximum thermal
power of 1 MW, reaching pressures and preheating tempera-
tures up to 30 barand 750°C, respectively.

The combustorcan be operated with avariety of fuels, ranging
from methane (CH,) to higher hydrocarbons (e.g. propane
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Figure 3: Experimental setup.

C5Hs), and from syngas (H>-CO mixtures) to pure H». The fuel
and oxidizer can contain various amounts of diluent species
(Hzo, CO;and Nz).

Turbulent flame speed

Turbulent flame speed can be investigated with two laser
diagnostictechniques: Laser-Induced Fluorescence (LIF, see
setupin Figure 3) and Particle Image Velocimetry (PIV). These
techniques provide raw data which lead to St values of
globaland local fuel consumption by applying the mass con-
tinuity equation, fractalanalysis and local velocity balances.
The shape of the flame front is resolved by LIF imaging, as
shown in Figure 4. More details on the evaluation of turbulent
flame speed can be found in [1, 2]

camera #1

camera #2

Figure 4: Time-resolved individual LIF pictures of the reaction
zone in the combustor: (a) zoomed-in picture of the flame zone
near the combustor inlet; (b) overview picture of the complete
combustion chamber.
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NO, Emission

The concentration ofthe main species (CO, CO,, 05, NO, UHC)
inthe flue gas can be measured with the aid of a specifically-
designed water-cooled gas probe located at the exit of the
combustor and conventional exhaust gas analyzer. Among
these species, the NOxemissionis of particularinterest, since
the lean premixed combustion of gaseous fuels is currently
oneofthe mostimportant low-NOxtechnologiesin the power
generation sectorusing fossilfuels. Emission characteristics
of different fuels and operating conditions can be derived
from these experiments. It has been observed that syngas
mixtures (CO-H, mixtures, e.g. derived from the gasification
of solid feedstock such as coal and biomass) produce higher
NOx emissions than natural gas under the same combustion
conditions [3].

The underlying reason can be elucidated via a reaction-path
analysis based on detailed chemical-kinetic calculations, as
detailed in [3].
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The research and development described in this annual review, as
well as the many other projects and activities which have been per-
formed butare notmentioned, requires the engagement of scientists,
technologists, computing specialists and administrators in many
different areas. All of these are essential for the running of a large
and complexinstitute such as PSI, with its varied research interests,
its design, construction and operation of large-scale, high-perfor-
mance facilities, its commitment to education and its maintenance
of a User Service for the benefit of scientists from across the world
who come to perform experiments here.

Thefollowing breakdown of finances, staffing distribution, education
and User Service activities, and composition of advisory bodies
guidingtheresearch showsthe balance which existedin 2011across
the diverse fields of activities pursued by PSI. More than two-thirds
of all financing was provided by the Swiss government and the re-
mainder from a variety of third-party sources. The staffing figures
reflecttheimportance oftechnical staff foroperating the large-scale
facilities.

The educational activities of PSl are expanding, at secondary-school,
graduate and post-graduate levels, and the User Service again re-
ceived more proposals forexperiments than it could accommodate.
Finally, to maintain its position as one ofthe leading research centres
inthe world in the fields in which it specialises, PSI continued to be
guided by a number of advisory boards, consisting of scientists of
high standinginvited from around the world, many of who have close
connection with the Institute through their own research.
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PSIIin 2011 —an overview

Finances

PSI expenditure in 2011 totalled CHF 364.8 million, of which
the Swiss government provided 75.6%, i.e. CHF 275.8 million,
with 68.2% (CHF 248.8 million) allocated to basic financing
and 7.4% (CHF 27.0 million) specifically provided for the
SwissFEL project. External second- and third-party funding
added up to CHF 89.0 million (24.4% of total expenditure).
Third-party revenue totalled CHF 94.8 million, with 41.2%
coming from private industry, 27.6% from Swiss federal re-
search programmes, 7.4% from EU programmes and 23.8%
from othersources. This breakdown is listed in Table 1and the
budgetdistribution across the Research Departmentsis given

in Figure 1.
PSI Financial Statement (in CHF millions)
2011
Expenditure
Operations 302.4 82.9%
Investments 62.4 17.1%
Total* 364.8 | 100.0%
Expenditure according to source of income
Federal funding (basic) 248.8 68.2%
Federal funding for SwissFEL 27.0 7.4%
Second- and third-party funds 89.0 24.4%
Total 364.8 | 100.0%
Third-party revenue
Private industry 390 41.2%
Federal research funding 26.2 | 27.6%
EU programmes 7.0 7.4 %
Other (incl. scientific services) 226 | 23.8%
Total 94.8 | 100.0 %
* Including personnel costs of CHF 215.6 million
(corresponding to 59.1% of total expenditure); not
including internally produced and capitalized assets.

Table 1: PSI finances in 2011.

Staffing

Atthe end of 2011, slightly more than 1500 full-time equivalent
staff positions were occupied at PSI. The distribution of staff-
ing according to fields of activity can be seen in Figure 2. Of
the total PSl staff, 24% were women and 44% were non-Swiss
citizens.

General Energy
18%

Solid-State Research
and Materials Science
42%

Nuclear Energy
and Safety
14%

Particle
Physics
9%

Life Sciences
17%

Figure 1: Total budget distribution for 2011 across PSI Research
Fields. Research facilities are allocated to the appropriate fields

Information Technology Administration
6.7% 6.6%

Technical and
Research Engineering
34.6% 52.1%

Figure 2: The staffing structure of the Paul Scherrer Institute
reflects the importance of technical staff for running the insti-
tute’s complex experimental facilities.
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Education

Besidesresearch, education atvariouslevelsisalsoa central
priority forthe Institute. Research opportunities are provided
forstudents preparing their Masters or PhD theses, with more
than 300 PhD students currently at PSI, including about 200
actuallyemployed bythe Institute. The remainderare financed
by otherinstitutions oruniversities, but perform a substantial
part of their experimental work at PSI’s laboratories or large-
scale facilities. The opportunity to work at PSl as trainees for
a shorter period of time, to gather work experience in scien-
tific research as well as in administrative or organizational
tasks, was taken by more than 100 other young people —
secondary-schoolgraduates and university students. Almost
90youngpeople were actively engagedinvocationaltraining,
in 13 different professions. In addition, PSl offered coursesin
radiation protection and reactortechnology, forinternal staff
aswell as for external groups.

The school lab (iLAB) provided pupils undergoing secondary
education with the opportunity to perform various physics
experiments and thus obtain afirst-hand impression of scien-
tificresearch. The iLAB was visited during 2011by 192 classes,
from different schools —a furtherincrease compared with the
180 classes which came in 2010 and the 105 classes in 2009.
PSlscientists were also active as educators outside the Insti-
tute, with about 100 staff giving lecture courses at universities
and universities of applied sciences.

User Service

In 2011, PSI maintained its position as an attractive User Lab
for scientists from all over the world (see Table 2). More than
2300 users visited the Institute and performed over 1700
experiments atthe 38 beamlines available at the large-scale
facilities. The continually increasing interest in performing

User Lab 2011
i PSI total
SLs | SINQ | sps | Farticle

physics | 2011 2010
Number of
beamlines/ 16 12 6 4 38 38
instruments
Number of

R 1058 | 439 226 4 1727 1759
experiments

Number of

L 3338 | 826 | 319 594 5077 | 5108
user visits

Number of
individual 1565 | 441 160 240 2336 2221
users

Number of

778 403 196 1 1378 1218
new proposals

Table 2: PSl user service in numbers.
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Figure 3: Numbers of proposals submitted to SLS, SINQ (only
one proposal deadline in 2007) and SpS. The total number of
new proposals reached an all-time high in 2011, reflecting the
increasing interest amongst scientists in performing experi-
ments at PSI.

experiments at PSlis reflected in the growing number of pro-
posals submitted to the user service, which reached an all-
time high of 1378 in 2011 (see Figure 3). The total number of
users who come to participate in experiments also reached
its highest value ever — 2336 — and the overall number of
peer-reviewed publications based on research performed at
the SLS, SINQ and SuS large-scale facilities exceeded 650.
The UserService at PSI’s large-scale facilities also makes an
important contribution to the education of future generations
of scientists, which can be seen from the large number of
young scientists among the users.

Advisory Board and Research Committees

The Advisory Board’s main task is to advise the Directorate
on the development of long-term research programmes and
toevaluate the quality of pastand planned research activities.
The Board meets once or twice a year and consists of 11 sci-
entists of high scientific standing, from Switzerland and
abroad.The Research Committee ofthe PaulScherrerInstitute
consistsof 13 members selected from the various PSI Depart-
ments and advises the Directorate on decisions related to the
scientific research carried out at the Institute. It evaluates
proposed new projects and applications forfinancial support
from externalagencies, assessesongoing projects and helps
define appropriate new research topics for the Institute. An
additional 8 Committees, with members from Switzerland and
abroad, assess and advise the various large-scale facilities
and the Research Departments on their past, present and
future research activities and programmes.
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Advisory Board and Research Committees

Advisory Board

Prof. Dr. @. Fischer, President Department of Condensed Matter, University of Geneva, CH
Prof. Dr. G. Aeppli London Centre for Nanotechnology, University College, London, UK
Prof. Dr. F. Carré CEA, Saclay, Gif-sur-Yvette, FR

Prof. Dr. H.H. Coenen Institute for Nuclear Chemistry, Forschungszentrum Jiilich, DE
Prof. Dr. R.W. Falcone ALS, Lawrence Berkeley National Laboratory, Berkeley, USA
Prof. Dr. R. Klanner Institute for Experimental Physics, University of Hamburg, DE
Prof. Dr.S. Larsen Department of Chemistry, University of Copenhagen, DK

Prof. Dr. T. Mason Oak Ridge National Laboratory, USA

Prof. Dr. ). Rossbach Institute for Experimental Physics, University of Hamburg, DE
Prof. Dr. Th. Sattelmayer Chair of Thermodynamics, TU Miinchen, Garching, DE

Prof. Dr. E. Umbach Karlsruhe Institute of Technology (KIT), DE

Research Committee
Prof. Dr. R. Horisberger, President  Research with Neutrons and Muons (NUM)

Dr. M. Ammann Biology and Chemistry (BIO)

Dr. B. Delley Research with Neutrons and Muons (NUM)

Dr. R. Eichler Biology and Chemistry (BIO)

Dr. L. Heyderman Synchrotron Radiation and Nanotechnology (SYN)
Dr. I. Mantzaras General Energy (ENE)

Dr. W. Pfingsten Nuclear Energy and Safety (NES)

Dr.T. Schietinger Large Research Facilities (GFA)

Dr. M. Steinmetz Biology and Chemistry (BIO)

Prof. Dr. H. Van Swygenhoven Research with Neutrons and Muons (NUM)

Dr. F. Vogel General Energy (ENE)

Prof. Dr. P. Willmott Synchrotron Radiation and Nanotechnology (SYN)

Dr. P. Hasler, Secretary Biology and Chemistry (BIO)
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Research Committees for specific research areas

SwissFEL
SwissFEL Free Electron Laser Advisory
Committee (FLAC)

Prof. Dr. J. Rossbach, Chair
DESY, Hamburg, DE

Dr. ). Bahrdt
HZB, Berlin, DE

Dr.P.Emma
SLAC, Stanford, USA

Dr. M. Ferrario
INFN-LNF, Rome, IT

Dr. 0. Groening
Empa, Diibendorf, CH

Dr. A. Grudiev
CERN, Geneva, CH

Dr.H.Schlarb
DESY, Hamburg, DE

Dr. M. Svandrlik
ELETTRA, Trieste, IT

Dr. M. Yabashi
RIKEN-SPring-8, Hyogo, JP

Synchrotron Radiation SYN
Scientific Advisory Committee (SAC)

Prof. Dr. G. Materlik, Chair
Diamond Light Source, Didcot, UK

Prof. Dr. G.-L. Bona
Empa Diibendorf, CH

Prof. Dr. H. Brune
EPFL, Lausanne, CH

Prof. Dr. R. Claessen
University of Wiirzburg, DE

Prof. Dr. K. Diederichs
University of Konstanz, DE

Prof. Dr.J. Evans
University of Southampton, UK

Dr. ). Feldhaus
DESY, Hamburg, DE

Prof. Dr. J. Hastings
Stanford Linear Accelerator Center,
Menlo Park, CA, USA

Prof. Dr. C.-C. Kao,
Stanford Linear Accelerator Center,
Menlo Park, CA, USA

Dr. P. Lagarde
Synchrotron Soleil, Gif-sur-Yvette, FR

Prof. Dr. J. Marangos
Imperial College, London, UK

Prof. Dr. G. Margaritondo
EPFL, Lausanne, CH

Prof. F. Parmigiani
Free Electron Laser project-FERMI@Elettra,
Trieste, IT

Prof. Dr. E. Riihl
Freie Universitdt Berlin, DE

Prof. Dr. B. Schonfeld
ETH Zurich, CH

Research with Neutrons and Muons NUM
SINQ Scientific Advisory Committee

Prof. Dr. A. T. Boothroyd, Chairman
University of Oxford, UK

Dr. L Arleth,
University of Copenhagen, DK

Dr. M. Balasko

KFKI Atomic Energy Research Inst., Budapest, HU

Dr.Th.]. Biicherl
TU Miinchen, DE

Dr. N. B. Christensen
Risg National Lab., DK

Dr.T. Keller
TU Miinchen, DE

Dr. K. Kramer
University of Bern, CH

Dr. M. Meven
TU Miinchen, DE

Prof. Dr. M. Miller
Helmholtz-Zentrum Geesthacht, DE

Prof. Dr. U. Olsson
University of Lund, SE

Prof. Dr. C. Pfleiderer
TU Miinchen, DE

Prof. Dr. B. Schonfeld
ETH Zurich, CH

Prof. Dr. W. Treimer
Beuth University of Applied Sciences, DE

Dr. M. Worle
Swiss National Museum, Zurich, CH

SuS Scientific Advisory Committee

Prof. Dr. C. Bernhard, President
University of Fribourg, CH

Prof. Dr. E. Bauer
Vienna University of Technology, AT

Prof. Dr. S.J. Blundell
University of Oxford, UK

Prof. Dr.J.M.S. Campos Gil
University of Coimbra, PT

Prof. Dr. K. Chow
Univ. Alberta, CDN

Prof. Dr. R. De Renzi
University of Parma, IT

Prof. Dr. A. de Visser
University of Amsterdam, NL

Prof. Dr. Ph. Mendels
Univ. Paris XI, FR

Prof. Dr. D. Pavuna
EPFL Lausanne, CH

Particle Physics atthe Ring Cyclotron

Dr. C. Hoffman, President
LAMPF, Los Alamos, USA

Prof. Dr. A.B. Blondel
University of Geneva, CH

Dr.D. Bryman
TRIUMF, Vancouver, CDN

Dr. A. Ceccucci
CERN, CH

Prof. Dr. G. Colangelo
University of Bern, CH

Prof. Dr. B. Filippone
California Institute of Technology, USA

Prof. St. Passaggio
I.N.F.N. Genova, IT

Prof. Dr. M. Pendlebury
University of Sussex, UK

Prof. Dr. M. Pohl
University of Geneva, CH

Prof. Dr. M. Ramsey-Musolf
University of Wisconsin-Madison, USA

Dr. M. Spira, committee secretary
PSI, CH

Prof. Dr. U. Straumann
University of Ziirich, CH

Biology and Chemistry BIO

Prof. Dr. D. Neri, President
ETH Zurich, CH

Prof. Dr. M. Griitter
University of Zurich, CH

Prof. Dr. Ch. W. Miiller
EMBL, Heidelberg, DE

Prof. Dr. P. Nordlund
Karolinska Institutet, Stockholm, SE

Prof. Dr. S. Werner
ETH Zurich, CH

Nuclear Energy and Safety NES

Dr. H. Forsstrom, President
Bromma, SE

Prof. Dr. M. Giot
Université Catholique de Louvin, BE

Dr. P. Miazza
Nuclear Power Plant Miihleberg, CH

Prof. Dr. K. L. Peddicord
Texas A&M University, College Station, USA

Dr. M. Plaschy
Alpig, Olten, CH

Dr.).-B.Thomas
CEA-Saclay, Gif-sur-Yvette, FR

Prof. Dr. S. Virtanen
University of Erlangen-Niirnberg, DE

Dr.H. Wanner
ENSI, Brugg, CH

Dr. P. Zuidema
Nagra, Wettingen, CH

General Energy ENE

Prof. Dr. T. Peter, President
ETH Zurich, CH

Prof. Dr. G.-L. Bona
Empa, Diibendorf, CH

Dr.T. Kaiser
Consenec AG, Baden-Dattwil, CH

Prof. Dr. R. Pitz-Paal
DLR, Cologne, DE

Prof. Dr. Ph. R. von Rohr
ETH Zurich, CH

Prof. Dr. A. Voss
University of Stuttgart, DE

Dr.R. Schmitz
Swiss Federal Office of Energy, Berne, CH



Organ |Zat|0na| Structure (as of January 2012)

Research Committee
Prof. Dr. Roland Horisberger

Large Project SwissFEL

Dr. Hans-Heinrich Braun/Dr. Rafael Abela |

Center for Proton Therapy
Gudrun Goitein a.i.

Director:
Prof. Dr. Joél Mesot

Members of the board of directors:

Martin Jermann, Head of Staff*
Dr. Kurt N. Clausen

Prof. Dr. J. Friso van der Veen*
Prof. Dr. Alexander Wokaun*
Dr. Jean-Marc Cavedon

Prof. Dr. Gebhard Schertler
Prof. Dr. Leonid Rivkin

Dr. Peter Allenspach

Human Resources
Karsten Bugmann

Safety
Dr. Werner Roser

Industry, Financing and Operations
Dr. Philipp Dietrich

Science
Dr. Thierry Stréssle

Communications
Dagmar Baroke

Technology Transfer
Robert Rudolf

Research Department

Research with
Neutrons and Muons (NUM)

Dr. Kurt N. Clausen

Particle Physics

Neutron Scattering

Spallation Neutron Source Division
Muon Spin Spectroscopy
Development and Methods

Prof. Dr. Klaus Kirch

Dr. Christian Ruegg

Dr. Werner Wagner

Prof. Dr. Elvezio Morenzoni
Dr. Michel Kenzelmann

Research Department
Synchrotron Radiation and

Nanotechnology (SYN)
Prof. Dr. J. Friso van der Veen

Macromolecules and Bioimaging
Condensed Matter and Materials Science
Micro- and Nanotechnology

Dr. Oliver Bunk

Dr. Christoph Quitmann

Prof. Dr. Jens Gobrecht .
Catalysis and

Sustainable Chemistry

Research Department
General Energy (ENE)
Prof. Dr. Alexander Wokaun

Bioenergy and Catalysis
Solar Technology
Combustion Research
Electrochemistry
Atmospheric Chemistry

Competence Center for Energy and Mobility (CCEM)

Prof. Dr.

Dr. Oliver Krocher Jeroen van Bokhoven

Prof. Dr. Aldo Steinfeld

Dr. Peter Jansohn
Prof. Dr. Thomas J. Schmidt

Prof. Dr. Urs Baltensperger

Urs Elber Energy Systems

Analysis

Research Department
Nuclear Energy and Safety (NES)

Dr. Jean-Marc Cavedon

Reactor Physics and Systems Behaviour
Thermal Hydraulics

Hot Laboratory

Waste Management

Nuclear Materials

Martin Zimmermann a.i.
Prof. Dr. Horst-Michael Prasser
Dr. Didier Gavillet

Dr. Stefan Hirschberg

Dr. Michael Bradbury
Hans-Peter Seifert a.i.

Research Department

Biology and Chemistry (BIO)

Prof. Dr. Gebhard Schertler

Center for Radiopharmaceutical Sciences
Biomolecular Research

Radiochemistry and
Environmental Chemistry

Prof. Dr. Roger Schibli
Prof. Dr. Gebhard Schertler i.P.

Prof. Dr. Andreas Turler

Department
Large Research Facilities (GFA)

Prof. Dr. Leonid Rivkin

Accelerator/Concepts and Development
Accelerator/Operation and Development

Technical Support, Co-ordination
and Operation

Dr. Terence Garvey
Dr. Mike Seidel

Jurgen Duppich

Department
Logistics (LOG)
Dr. Peter Allenspach

Finance and Administrative Services
Buildings and Services

Infrastructure and Electrical Engineering
Mechanical Engineering Sciences
Information Technology

Radiation Safety and Security
Communications

Karlheinz Falk
Lilian Jakob

Max Huser

Dr. Urs Ellenberger
Dr. Stephan Egli
Christian Wernli
Dagmar Baroke

* Executive Committee / Deputy Directors
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On CD and online

The publication lists for all PSI Departments can be found on the CD
version ofthis report, which can be ordered atwww.psi.ch (Information
Material) or by phone +4156 310 2111.

The listsinclude the following:
e Peer-reviewed publications
e |nvited talks

e Dissertations

e Conference Proceedings

® Lectures

Links to otherresearch, not featured here, can be found on ourweb-
site: www.psi.ch (Scientists & Users).




Publications CPT 2011

Peer reviewed papers

Albertini, F., Hug, E.B., Lomax, A.J. Is it necessary to plan with safety margins for
actively scanned proton therapy? Phys Med Biol 56 (2011) 4399-4413

Albertini, F., Casiraghi, M., Lorentini, S., Rombi, B., Lomax, A.J. Experimental
verification of IMPT treatment plans in an anthropomorphic phantom in the presence of
delivery uncertainties. Phys Med Biol 56 (2011) 4415-4431

Fava, G., Widesott, L., Fellin, F., Amichetti, M., Viesi, V., Lomax, A.J., Lederer, L.,
Fiorino, C., Schwarz, M. In gantry or remote patient positioning? Monte Carlo
simulations for proton therapy centres of different sizes. Accepted for publication in
Radiother. Oncol. October 2011

Knopf, A-C., Hong, T.S., Lomax, A.J., Scanned proton radiotherapy for mobile targets —
The effectiveness of re-scanning in the context of different treatment planning
approaches and for different motion characteristics. Phys. Med. Biol. 56 (2011) 7257-
7271

Pedroni, E., Meer, D., Bula, C., Safai, S., Zenklusen, S. The Pencil beam characteristics
of the next-generation proton scanning gantry of PSI: design issues and initial
commissioning results. European Physical Journal Plus 2011 126: 66

Schneider, U., Pedroni, E., Hartmann, M., Besserer, J., Lomax, A.J., Spatial resoltuion of
proton tomography: methods, initial phase space and object thickness. Z Med Phys,
2011 Jul 20 [Epub ahead of publishing]

Schippers, J.M., Lomax, A.J. Emerging technologies in proton therapy. Acta. Oncol. 50
(2011) 838-850

Staab, A., Rutz, H.P., Ares, C., Timmermann, B., Schneider, R., Bolsi, A., Lomax, A.J.,
Goitein, G., Hug, E.B. Spot-scanning-based proton therapy for extracranial chordoma.
Int J Radiat Oncol Biol Phys. 81 (2011) 489-496

Van der Water, T.A., Lomax, A.J., Bijl, H.P., Schilstra, C., Hug, E.B., Langendijk, J.A.,
Using a reduced spot size for Intensity Modulated Proton Therapy potentially improves
salivary gland sparing in oropharyngeal cancer. Int J Radiat Oncol Biol Phys. 2011 Jun
25. [Epub ahead of print]

Zenklusen, S.M., Pedroni, E., Meer, D., Bula, C., Safai, S. Preliminary investigations for
the option to use fast uniform scanning with compensators on a gantry designed for
IMPT. Medical Physics 2011 Sep;38(9):5208-16



LIST OF PUBLICATIONS 2011
Synchrotron Radiation and Nanotechnology SYN

UNIVERSITY LEVEL AND OTHER TEACHING

A. Balan, A. Farhan, F. Nolting
X-ray Microscopy
Blockkurs Nanoscience, University of Basel, carried out at PSI, 06-10.06. 2011

C. David
Diffractive X-ray Optics: Applications at hard XFEL radiation sources
10™ Research Course on X-Ray Science, Hamburg, Germany, 30.03.2011

Y. Ekinci
Micro and nanostructured metallic systems
Summer semester, Department of Materials, ETH Zurich

T. Glatzel, T. A. Jung, A. Romanyuk
Herstellung von Nanostrukturen: Techniken und Methoden 2 KP
Departement Physik der Universitat Basel (Herbstsemester 2011)

J. Gobrecht, H. Schift
Nanotechnologie fiir Ingenieure
Fachhochschule Nordwestschweiz (FHNW), Windisch, HS 2011/12 (Bachelorstudiengang)

F. Gozzo

Synchrotron X-Ray Powder Diffraction

“The Power of Powder Diffraction”, the 44th Crystallographic Course at the Ettore Majorana
Centre, ERICE, Italy, 02-12.06.2011

T. A. Jung, D. Zumbdihl

Einfiihrung in die Physik | fiir Studierende der Biologie, Geowissenschaften und
Pharmazeutische Wissenschaften 6 KP

Departement Physik der Universitat Basel (Herbstsemester 2011)

M. Nachtegaal, M. Janousch

Cook and Look: Synchrotron Techniques’. In Master’s Program, ‘Biogeochemistry and Pollution
Dynamics

ETH Zurich, Switzerland. 20.06.-01.07.2011

M. Nachtegaal
Practical Summer School on Functional Materials
PSI, Switzerland, 20-22.08.2011

M. Nachtegaal, M. Janousch
701-1336-00L Cook and Look: Synchroton Techniques
ETH Zurich, Frihjahrssemester 2011

L. Quaroni
Training of PhD intern from the University of Jena
Training of graduate Summer intern from the University of Birmingham

T. Ivas, S. Nowakowska, S. Martens, A. Shchyrba, C. Wackerlin, J. Nowakowski, T.A. Jung
Seminar Oberflachenphysik 4KP
Departement Physik der Universitat Basel (Herbstsemester 2011)

H. Schift

Polymer flow and stamp bending in nanoimprint lithography

Training course (Masterstudiengang) in Advanced Nanolithography at the Danish Technical
University (DTU), Kongens Lyngby, DK, 07.06.2011

H. Schift

Grundlagen zu strukturierten Oberflachen

Zurcher Fachhochschule fur Angewandte Wissenschaften (ZHAW), Material und Verfahrens-
technik, Winterthur, HS 2011 (Bachelorstudiengang) 22.12.2011


http://vorlesungsverzeichnis.unibas.ch/index.cfm?action=1&LID=110200&ID=110200&act_int=0&PeID=2011004&&DID=110200&ML
http://vorlesungsverzeichnis.unibas.ch/index.cfm?action=1&LID=108152&ID=108152&act_int=0&PeID=2011004&&DID=108152&ML
http://vorlesungsverzeichnis.unibas.ch/index.cfm?action=1&LID=108152&ID=108152&act_int=0&PeID=2011004&&DID=108152&ML

M. Stampanoni
Micro and Nano-Tomography of Biological Tissues
227-0965-00L ETH Zirich

M. Stampanoni
Research Topics in Biomedical Engineering
227-0970-00L ETH Zirich

M. Stampanoni
CIMST Interdisciplinary Summer School on Bio-Medical Imaging
551-1316-00L ETH Zirich

M. Stampanoni
Elements of Microscopy
227-0390-00L ETH Zirich

P. Urwyler

Materials selection in implant design

University of Bern, Material Science and Biomaterials, Basel, HS 2011 (Masterstudiengang
Biomedical Engineering), 12.12.2011

J.A. van Bokhoven
Catalysis
529-0502-00L ETH Zurich

J.A. van Bokhoven
Characterization of Catalysts and Surfaces
529-0611-00L ETH Zurich

J.F. van der Veen,
Materials research using synchrotron radiation
Masters course ETH Zirich, 402-0313-00, HS1

C. Wackerlin, J. Girovsky, K. Landheer, T.A.. Jung

Blockkurse Nanowissenschaften 24KP — Practical courses in Surface Science in Basel and at
PSI

Departement Physik der Universitat Basel (Jahreskurs: HS 2010 — FS 2011)

C. Wackerlin, J. Girovsky, T. Hahlen, K. Landheer, N. Ballav, T. A. Jung
Oberfldchenphysik mit Ubungen 4KP
Departement Physik der Universitat Basel (Frihjahrsemester 2011)

P.R. Willmott
Introduction to Synchrotron Radiation — Techniques and Applications
Physikalisch-Chemisches Institut, Universitat Zurich, HS 2011

PUBLICATIONS WITH SYN AUTHOR(S) AND DESCRIBING AN SLS
EXPERIMENT

Aagesen LK, Fife JL, Lauridsen EM, Voorhees PW

The evolution of interfacial morphology during coarsening: A comparison between 4D
experiments and phase-field simulations

SCRIPTA MATERIALIA 64, 394 (2011)

Aagesen LK, Johnson AE, Fife JL, Voorhees PW, Miksis MJ, Poulsen SO, Lauridsen EM,
Marone F, Stampanoni M

Pinch-off of rods by bulk diffusion

ACTA MATERIALIA 59, 4922 (2011)

Albert S, Albert KK, Lerch P, Quack M

Synchrotron-based highest resolution Fourier transform infrared spectroscopy of naphthalene
(C10H8) and indole (C8H7N) and its application to astrophysical problems

FARADAY DISCUSSIONS 150, 71 (2011)

Albert S, K Albert K, Lerch P, Quack M
Discussion replies on synchrotron based high resolution Fourier Transform Spectroscopy
FARADAY DISCUSSIONS 150, 146 (2011)



Albert S, K Albert K, Lerch P, Quack M
On the high resolution FTIR spectroscopy of phenol and torsional tunneling
FARADAY DISCUSSIONS 150, 517 (2011)

Albert S, Keppler Albert K, Lerch PH, Quack M

Synchrotron-based highest resolution Fourier transform spectroscopy of naphtalene (C10H8)
and indole (C8H7N) and its application to astrophysical problems

FARADAY DISCUSSIONS 150, 1 (2011)

Alwmark C, Schmitz B, Holm S, Marone F, Stampanoni M

3-d imaging of mineral inclusions in extraterrestrial chromite using synchrotron radiation x-ray
tomographic microscopy

METEORITICS & PLANETARY SCIENCE 46, A8 (2011)

Alwmark C, Schmitz B, Holm S, Marone F, Stampanoni M

A 3-D study of mineral inclusions in chromite from ordinary chondrites using synchrotron
radiation X-ray tomographic microscopy-Method and applications

METEORITICS & PLANETARY SCIENCE 46, 1071 (2011)

Arhammar C, Pietzsch A, Bock N, Holmstrom E, Araujo CM, Grasjo J, Zhao SX, Green S, Peery
T, Hennies F, Amerioun S, Fohlisch A, Schlappa J, Schmitt T, Strocov VN, Niklasson GA,
Wallace DC, Rubensson JE, Johansson B, Ahuja R

Unveiling the complex electronic structure of amorphous metal oxides

PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED STATES
OF AMERICA 108, 6355 (2011)

Baer T, Guerrero A, Davalos JZ, Bodi A

Dissociation of energy selected Sn(CH3)(4)(+), Sn(CH3)(3)Cl+, and Sn(CH3)(3)Br+ ions:
evidence for isolated excited state dynamics

PHYSICAL CHEMISTRY CHEMICAL PHYSICS 13, 17791 (2011)

Bartlett SA, Wells PP, Nachtegaal M, Dent AJ, Cibin G, Reid G, Evans J, Tromp M

Insights in the mechanism of selective olefin oligomerisation catalysis using stopped-flow
freeze-quench techniques: A Mo K-edge QEXAFS study

JOURNAL OF CATALYSIS 284, 247 (2011)

Beaud P, Johnson SL, Vorobeva E, Milne CJ, Caviezel A, Mariager SO, De Souza RA, Staub U,
Ingold G

Ultrafast Structural Dynamics in Condensed Matter

CHIMIA 65, 308 (2011)

Bennett TD, Simoncic P, Moggach SA, Gozzo F, Macchi P, Keen DA, Tan JC, Cheetham AK
Reversible pressure-induced amorphization of a zeolitic imidazolate framework (ZIF-4)
CHEMICAL COMMUNICATIONS 47, 7983 (2011)

Bergamaschi A, Dinapoli R, Henrich B, Johnson |, Mozzanica A, Shi X, Schmitt B

Beyond single photon counting X-ray detectors

NUCLEAR INSTRUMENTS & METHODS IN PHYSICS RESEARCH SECTION A-
ACCELERATORS SPECTROMETERS DETECTORS AND ASSOCIATED EQUIPMENT 628,
238 (2011)

Bingel-Erlenmeyer R, Olieric V, Grimshaw JPA, Gabadinho J, Wang X, Ebner SG, Isenegger A,
Schneider R, Schneider J, Glettig W, Pradervand C, Panepucci EH, Tomizaki T, Wang M,
Schulze-Briese C

SLS Crystallization Platform at Beamline X06DA-A Fully Automated Pipeline Enabling in Situ X-
ray Diffraction Screening

CRYSTAL GROWTH & DESIGN 11, 916 (2011)

Bodenthin Y, Staub U, Piamonteze C, Garcia-Fernandez M, Martinez-Lope MJ, Alonso JA
Magnetic and electronic properties of RNiO3 (R = Pr, Nd, Eu, Ho and Y) perovskites studied by
resonant soft x-ray magnetic powder diffraction

JOURNAL OF PHYSICS-CONDENSED MATTER 23, 036002 (2011)

Bodi A, Stevens WR, Baer T



Understanding the Complex Dissociation Dynamics of Energy Selected Dichloroethylene lons:
Neutral Isomerization Energies and Heats of Formation by Imaging Photoelectron-Photoion
Coincidence

JOURNAL OF PHYSICAL CHEMISTRY A 115, 726 (2011)

Borkar S, Sztaray B, Bodi A

Dissociative photoionization mechanism of methanol isotopologues (CH30OH, CD30OH, CH30D
and CD30D) by iPEPICO: energetics, statistical and non-statistical kinetics and isotope effects
PHYSICAL CHEMISTRY CHEMICAL PHYSICS 13, 13009 (2011)

Brown MA, Seidel R, Thuermer S, Faubel M, Hemminger JC, van Bokhoven JA, Winter B,
Sterrer M

Electronic structure of sub-10 nm colloidal silica nanoparticles measured by in situ
photoelectron spectroscopy at the aqueous-solid interface

PHYSICAL CHEMISTRY CHEMICAL PHYSICS 13, 12720 (2011)

Bruni G, Gozzo F, Capsoni D, Bini M, Macchi P, Simoncic P
Thermal, Spectroscopic, and Ab Initio Structural Characterization of Carfrofen Polymorphs
JOURNAL OF PHARMACEUTICAL SCIENCES 100(6), 2321 (2011)

Buey RM, Mohan R, Leslie K, Walzthoeni T, Missimer JH, Menzel A, Bjelic S, Bargsten K,
Grigoriev |, Smal |, Meijering E, Aebersold R, Akhmanova A, Steinmetz MO

Insights into EB1 structure and the role of its C-terminal domain for discriminating microtubule
tips from the lattice

MOLECULAR BIOLOGY OF THE CELL 22, 2912 (2011)

C Schittny J, F Ba