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Foreword

World-class research benefits our industry

Dear Reader,

What do automobile components, batteries, chain saws, choco-
late, computer processors, concrete, fuel cells, luxury watches,
medicines, satellites, semiconductors, soap and yoghurtall have
incommon?The answeristhatthey,among manyotherobjects,
have all been examined at the Paul Scherrer Institute by indus-
trial companies. Looking inside a combustion engine or a bio-
molecule is possible through the use of the large-scale scien-
tific facilities of PSI: the Swiss Light Source (SLS), the Spallation
Neutron Source (SINQ), and the Swiss Muon Source (SuS), orthe
hot-cells for radioactive materials. These facilities are all avail-
ableforindustrial partnersto use, forinvestigations thatare not
possible anywhere else in Switzerland, or—in some cases —even
anywhere in the world.

Besidesthisdirect use of PSlfacilities by industry, otherindirect
benefits also exist forindustry from PSI’s own internal develop-
ments. Indeed, PSl scientists often require technologies fortheir
own experiments that are not available on the market and this
therefore necessitates specificin-house developmentto achieve
a solution. It regularly happens that PSI products which derive
from such developments can be used in various other types of
industrial applications. Two particularly notable examples of
suchtechnologytransfers originated from fundamentalresearch
at PSl.

The first is an oscilloscope, the size of a thumbnail, which had
been developed for precision experiments at PSl and can per-
form the same functions as a conventional device the size of a
shoebox. PSlis currently looking for the best way to market this
product. In the second example, PSl researchers developed an
innovative detector for the CMS experiment at the new Large
Hadron Collider (LHC) at CERN, to reveal the presence and paths
of elementary particles. Further adaptation of this device for
X-ray detection resulted in the creation of the spin-off company

DECTRIS. This company is now selling its products all over the
world and, for this achievement, received the Swiss Economic
Award in June 2010. Currently, scientists at PSI and DECTRIS are
investigating the potential of this technology for applications
in the field of medical imaging.

Beside these two examples, numerous other technologies de-
veloped at PSI are now used by industry; for example, power
suppliesforhighly dynamic magnets, high-precision step-motor
control systems, various components for proton-therapy treat-
ments, catalysts for exhaust gas after-treatment, fuel cells as
power supplies, or optical components for neutron sources, as
produced by SwissNeutronics, another PSI spin-off company.
The next large facility to be built at PSI will be the SwissFEL X-ray
free-electron laser. In building this facility, itis one of our highest
priorities to involve future users at the earliest possible stage of
its conception, as we want to provide a facility which is pre-
cisely tailored to the needs of Swiss research groups in both
universities and industry. At the same time, we are being con-
fronted by considerable technological challenges, which we want
to solve togetherwith industrial partners. In this way, know-how
from PSI will — again — be transferred to industry, enabling the
companiesinvolvedtoacquire knowledge and innovation capa-
bilities.

To conclude, although it is clear that most research performed
at PSl is of a fundamental character, considerable direct and
indirect benefits also result for ourindustry and, consequently,
our society, not to mention the benefits which accrue from the
significanttrainingand educational component of PSI’s mission.

o

Professor Dr. Joél Mesot
Director, Paul Scherrer Institute







SwissFEL

8 SwissFEL — Project
overview and
new developments

<« Inauguration of the SwissFEL injector:
Joél Mesot, PSI director, and
Didier Burkhalter, Federal Councillor,
at the injector tunnel.

An important milestone in the realization of the new SwissFEL facil-
ity was reached on 24 August 2010, when the core of the new Swiss
Free-Electron Laser facility (SwissFEL) was set into operation at the
PaulScherrerInstitute. The newly inaugurated injector pre-projectis
motivated by the challenging electron beam requirements necessary
for the SwissFEL accelerator facility. Its main goal is to extensively
study the generation, transport and time compression of high-
brightness beams and to support the component development
necessary for the SwissFEL Project.

The new SwissFEL facility will open the door to discoveries, in many
areas of current research, that cannot be achieved using existing
methods. The unique properties of the SwissFEL will enable experi-
ments to be carried out at a very high resolution in both time and
space. For example, it will be possible to observe the progress of
extremely fast chemical and physical processes, including details
downtothe scaleofamolecule. Thiswillnotonlyresultin asignificant
increase in knowledge, it will also provide the basis fora vast range
oftechnical and scientific developments.

The SwissFEL Project is progressing very well and, in May 2010, the
new SwissFEL web site went online: www.swissfel.ch.

In July 2010, the SwissFEL Injector Conceptual Design Report —
Accelerator Test Facility for SwissFEL (PSI Bericht Nr. 10-05) — was
completed. Furthermore, the SwissFEL Conceptual Design Report
(CDR-PSIBericht Nr.10-04) was published, describing the technical
concepts and parameters used for the SwissFEL baseline design.
Both documents are available via the SwissFEL Website: http: //www.
swissfel.ch.

The next highlight took place at the 32"d International Free-Electron
LaserConferencein Malmd, Sweden, where the prestigious 2010 FEL
Prize was awarded to Sven Reiche, of the SwissFEL Beam Dynamics
team. Sven was presented with this award for his “outstanding con-
tributions to the advancement of the field of Free-Electron Laser
science and technology”.
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Preparations for SwissFEL science

Bruce Patterson, Rafael Abela, Bill Pedrini, Mirjam van Daalen, Matthias Kldui, Hans Sigg, Jacinto Sa,

Christoph Hauri, 1zabela Czekaj, Anastasija Ichsanow, Jeroen van Bokhoven, Christian David, Vitaly Guzenko,

SwissFEL Project, PSI

Novel experimental methods foruse in condensed matter science at the SwissFEL X-ray laser are being developed.

These include the ultrafast initiation of surface catalytic reactions using terahertz pulses and cross-correlation

analysis of scattering data from randomly-oriented particles. The ability at the SwissFEL to rapidly initiate a

catalytic process will allow the characterization of short-lived intermediate states and will aid in the development

of more efficient catalysts. With cross-correlation scattering, it willbe possible to trackin detail the time-depend-

ent conformations of biomolecules, and hence to follow their biological function.

Beginningintheyear2017,the SwissFELX-ray laserwill provide
userswith coherent, ultra-bright X-ray pulses, with a duration
of approximately 20 femtoseconds. Two important fields of
application for this facility are the characterization of short-
lived intermediate states during catalytic chemistry and the
structural determination of biomolecules in solution. These
are currently the subjects of investigation by the SwissFEL
Photonics Group at PSI.

Terahertz initiation of catalytic chemistry

It is foreseen that the SwissFEL facility will include an inde-
pendent, synchronized source of terahertz (THz) pump puls-
es, which will permit THz-pump / X-ray probe experiments in
condensed matter, withoutthe complications of hotelectron
production by avisible laser. Possible phenomenawhich can
be triggered with such a source include magnetic switching
in ferromagnets, manipulation of electric polarization in
ferroelectrics, excitation of impurities in semiconductors,
Cooper-pairbreakingin superconductors, and heterogeneous
catalytic reactions on surfaces.

Regarding the last of the above, it has been proposed that
catalyticreactions may be collectivelyinitiated by the interac-
tion of the THz electric-field with polar molecules adsorbed
onasurface [1]. Apromising reaction fordemonstrating such
a collective initiation is the absorptive-dissociation of CO (or
NO) on a transition-metal surface (see Figure 1). Upon excita-
tion ofthe hinderedtranslation rocking mode ofthe molecule,
and forsufficiently large rocking angles, O binds to the surface
and CO dissociates. This surface-induced bond-breaking oc-

curs more readily as one proceeds from Pd to Rh to Ru, along
row 5 of the periodic table, and as one goes from a (111) to a
(100) crystal surface. It is also believed that the energy bar-
rierinvolved, AEqiss, is afunction of direction along the surface.
Ourproposalistoadjustthe sample temperaturetojustbelow
the pointwhere the thermally-induced reaction occurs and to
usedirected half-cycle THz pulsestointeractwith the CO dipole
moment, effectively lowering AE4iss and hence momentarily
increasing the reaction probability.

i '-"_',;I" L — n
,ﬁq—(ﬂtj”ﬁﬁ:y : (“:L!
[ Rh1il B

Figure 1: (Top) A schematic representation of THz-induced
absorptive-dissociation of CO (yellow = C, red = 0) on aRh
surface. (Bottom) A schematic energy-level diagram for the
process (RS, TS and DS refer to the reactant, dissociated and
transition states, respectively [2]).
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Figure 2: In a single-shot, time-resolved experiment at the
SwissFEL, a near-edge X-ray absorption spectrum can be
collected which reflects the instantaneous atomic and electronic
structure of adsorbed molecules on a surface [4].

Experiments to test this idea are planned in a small vacuum
chamberatthelaser-based THz source at the PSI 250 MeV test
injector, with which THz electric fields of up to 3 MV/cm have
been demonstrated [3]. Detection of the reaction will be per-
formed eithertime-integrated, by detecting free CO,, produced
from the dissociated oxygen atoms, or time-resolved, by
performing pump-probe IR spectroscopy.

With the advent ofthe SwissFEL, ultrafast THz-pump/X-ray probe
experiments of such catalytic reactions are envisaged, where
the probeis a single-shot measurement of the near-edge X-ray
absorption spectrum. Such a spectrum provides detailed infor-
mation on short-lived (picosecond) intermediate states, regard-
ing both atomic and electronic structure [4] (see Figure 2).

The structure of dissolved biomolecules

In 1977, Kam proposed the “cross-correlation” method to
derive the structure ofa molecule froma large numberof X-ray
scattering images from molecules in solution [5]. With the
adventoftheXFEL, the necessary high photon fluxwillbecome
available, thus renewing interest in the practical realization
ofthe procedure [6-8]. The SwissFEL photonics group is pres-
ently performing simulations and conducting synchrotron-
based experiments to test the relevant concepts.
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Figure 3: (@) Schematic structure of a single 2D particle used in the
simulations; (b) Diffraction pattern exposure of a single particle;
(c) and (d) Inequivalent exposures of 10 randomly oriented
particles; (e) Averaged diffraction intensity of 50 exposures; (f)
C2(q,q, y) calculated from 50 simulated diffraction patterns, each
one originating from 10 randomly oriented particles.

The results of a simulated experiment in two dimensions are
shown in Figure 3. Coherent X-ray scattering from a single 2D
“particle” ofthe form shown in Figure 3ayields the scattering
pattern shownin Figure 3b. Using iterative methods of phase
retrieval, it is possible to recover the particle structure from
the scattering pattern. In a Kam experiment, scattering is
observed from an ensemble of identical, but randomly-ori-
ented, particles. Figures 3cand d showthe simulated scattered
intensity S, (¢,¢) from 10 particles — the two images correspond
to differently distributed particle positions and orientations.

4 2]
Here, g 7sin

isthe scatteringwave-vector (where 20isthe
scattering angle, and A the wavelength), and ¢ is the azi-
muthal angle. Because the number of scattering particles is
finite, preferred orientations are evident in the scattering,
reflecting the 4-fold symmetry of the individual particles.
The scattering pattern from a very large number of particles,
orthe averaged scattering overalarge number ofimages from
a finite number of particles (see, for example, Figure 3e),
convergestoaradially-symmetric Debye-Scherrerring pattern,
fromwhich onlyavery limited amount of structural information
can be extracted.

Significantly more information is made available by perform-
ingacross-correlation analysis ofthe individualimages, e.g.,
Figures 3c and d, and then averaging the correlation over a
large numberofimages. To compute the correlation function,
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one first calculates, for each image labelled by the letter ‘a’,
the deviation of the observed scattering from the average:

88,(a.9)=5.(2.9)-S(9)
S@q)= <ifd¢ S, (q,¢)>a

Following Kam, the two-point cross-correlation function is
then computed and averaged over all the images:

I
C(a19:y)= <gfd¢ 85,(4.0)8S, (4.0 + V/)>

As can be seen in Figure 3f, the equal-q correlation function,

C(q,q,1), shows fine details which are characteristic of the

structure of the individual particle.

Two important points should be stressed: a) whereas averag-

ingindependentscattering images yields featureless Debye-

Scherrer rings, repeated measurements of the correlation

function can be accumulated to provide fine details with in-

creasing statistical significance; b) as the particle size is re-

duced, eventually to molecular dimensions, its rotational

velocity in the solvent will increase, and hence the duration

of the X-ray exposures must decrease. The 20 fs pulses from

the SwissFEL will generally suffice to freeze the molecular

motion.

Usingacombination of numerical simulation and synchrotron

X-ray and visible light scattering on natural and artificial test

objects, we are attempting to answerthe following questions:

1) What determines the optimum number of scatterers in an
exposure?

2) How unique is the structural information contained in the
correlation function?

3) What are effective methods for extracting this structural
information?

4) How canthetwo-dimensional case of Figure 3 be extended
tothe case of 3D-particles?

5) How do counting statistics and background scattering
limitthe achievable spatial resolution?

6) Howdetrimentalarethe effects ofinter-particle interference
forthe cross-correlation analysis?
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Completion of operation at the SwissFEL Low
Emittance Gun (LEG) test facility

Romain Ganter, Hans-Heinrich Braun, Christopher Gough, Christoph Hauri, Eugenie Kirk, Sladjana Ivkovic,

Frederic Le Pimpec, Martin Paraliev, Marco Pedrozzi, Alexandre Trisorio, Soichiro Tsujino, SwissFEL Project, PS/

An electron gun providing an electron beam with a low emittance is a key component for the realization of a

compact free-electron laser. One possible scheme has been developed at PSI: the LEG-Project (Low Emittance

Gun), which is different from most existing accelerator electron guns in that it combines pulsed DC acceleration

with RF acceleration. This feature has permitted an extensive range of geometries and materials to be tested.

Finally, beam brightness similar to a state-of-the-art RF photo-gun was achieved.

Operation of LEG at full energy started in January 2009 for 2
years of operation. Initial activities were dedicated to electron
beam dynamic studies, which gave successful comparison
between simulation and measurement [1, 2]. The pulsed DC
acceleration in a diode configuration permits extensive and
rapid changes of materials and geometries for electron emis-
sion. In a relatively short time, photoemission from flat sur-
facesand electrical emission from micron-scale Field Emitting
Arrays (FEAs) have all been tested. The nextgoal using this test
standwastoincreasetheelectron beam brightness atlow and
high charge (see Figure 1).

Progress at Diode - RF Gun
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Figure 1: Progress of the LEG beam brightness towards the
SwissFEL goal.

Laser transverse non-uniformities are known to limit beam
brightness. The highest beam brightness at 200 pC has been
obtained by using a multi-pass amplified laser instead of a
regenerative amplifier, with a pulse duration of 4.3 psrms and
less than 10 p) at 266 nm on cathode. Such low laser energy
has good transverse uniformity but requires a high quantum
efficiency cathode to reach the desired 200 pC. With an Mg
photocathode preparedin ourlab, we have obtained aquantum
efficiency of 107% and a projected emittance of 0.55 + 0.1mm.
mrad at 200 pC (see Figure 2), and a beam brightness of
10A.mm~2.mrad~2 at a 5 Hz repetition rate. Simulations have

shown that an increase of the diode voltage to 1 MV should
bring us to the goal of 28 A.mm~2.mrad-2. However, pulsed
voltages of 1MV at 100 Hz repetition rate would require further
developmentandinvestment. Efforts willnow be concentrated
on standard RF photo-guns, which recently demonstrated
similar results at LCLS for 100 Hz repetition rate (250 pC;
5A.mm~2.mrad-?) [3].

Figure 2: Electron beam at
5.7 MeV energy, 180 pC
charge; 0.55 mm.mrad
emittance (10 % charge

1mm

cut) with laser pulse length
of 4.3 ps.

Inaddition, by combiningthe field emitterarray (FEA) cathodes
being developed at PSI [4—6] with the LEG gun, we have gener-
ated sub-nanosecond field-emission electron bunches from
single-gate FEAs. Bunches as short as 460 ps FWHM, using an
electrical gate drive, were extracted and accelerated. Thisis the
first FEA emitting underadiode gradient of up to 30 MV/m and
subsequently accelerated to 5 MeV by a RF cavity. Further FEA
research aims to obtain beam brightness enhancement by
using femtosecond near-infrared laser-induced field emission
[4]in double-gate structures [6].
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The SwissFEL accelerator

Hans-Heinrich Braun, on behalf of the SwissFEL team members from PSI Departments

Following the definition of the SwissFEL baseline design in 2009, preparations for the project progressed towards

the goal of starting construction in 2012. An important milestone was taken in August 2010 with publication of

the SwissFEL Conceptual Design Report, containing a coherent description and full set of parameters for all

systems of the facility. Besides the start of operation of the SwissFEL injector, described in the following article,

key technical developments for the main linac systems and FEL undulator lines progressed very well. In close

consultation with representatives from the local communities, the building situation and design were modified

to environmentally optimise SwissFEL in the Wiirenlingen forest.

For a very complex and technically demanding project such
as PSI’s future SwissFEL X-ray free-electron laser, many differ-
ent groups have to work in parallel on a large variety of prob-
lems. The final goal is to obtain a facility which is as close to
perfection as possible, despite a restrictive schedule and
limited resources. This can only be achieved if everyone in-
volvedinthe project has complete information on the techni-
calrequirements ofthe componentstheyare workingon, and
alsoinformation on howthese componentsinterface with the
rest of the facility. Therefore, having a consistent description
of the facility available to everyone working on the project is
of paramount importance.

The conceptual design report (CDR) is the cornerstone of this
description. Over 9 months, more than fifty authors from
several PSI Departments worked very hard to collect the in-
formation for, and write, this CDR. During this process, a
number of technical inconsistencies and missing parts were
discovered and solutions then worked out. The report was
written jointly by the authors, edited and proof-read by the
editorialboard, and the layoutand printing performed by PSI’s
publication services. Everything was completed just in time
to have the CDR ready for distribution at the inauguration
ceremony of the SwissFEL injectoron 24 August. The reportis
also available in electronic form at the SwissFEL webpage:
www.swissfel.ch.

A focus of SwissFEL technical developments is the linear ac-
celeratorforacceleration ofthe electrons from the injectorto
the FEL beamline with an energy gain equivalent to a voltage
of 6 billion volts. This acceleration is achieved by exposing
the electronstothefield ofan electromagneticwave travelling
parallel to the electron path. The RF frequency used in the
mainlinacis5.7 GHz, called the C-band in RFengineerjargon.

To produce this wave, 26 extremely powerful RF transmitters
havetobe placed alongthe technical gallery of the SwissFEL
building. Allthese transmitters use an RFinputfrom a common
master oscillator, distributed through an optical fibre to all
power transmitters. Because of SwissFEL’s extremely tight
timingtolerances (typically afew femto-seconds), the techni-
calspecification on phase noise forthe masteroscillatorand
the optical fibre distribution is at the very limits of modern
technology. The RF amplification in the RF transmitters is
performed by klystron amplifier tubes, providing 50 MW of
power each duringa 3 ps RF pulse at a 100 Hz repetition rate.
A contract for the timely development of such a klystron was
placed with industryin 2010, for delivery of the first prototype
during 2011. The klystron itself has to be driven by a high-
voltage pulse of about 300 kV, provided by high-voltage
modulators. Specifications on modulatorvoltage stability are
verytightand, togetherwith the problems of rapidly switched
high power, it requires very careful electrical engineering to
avoid unwanted crosstalk across the electrical network feed-
ingall SwissFELinstallations. The RF power from the transmit-
tersistransported through a network of waveguides, operat-
ing under vacuum, to the accelerating cavities. In these
cavities, the RF wave is converted in a mode pattern with
electric field in the beam direction and phase velocity of the
wave equalto the electron velocity. Each RFtransmitterfeeds
foursuch cavities. The active length of each cavity is 2 m and
the effective accelerating RF field seen by the electron beam
has a magnitude of up to 30 MV/m. To achieve the required
mode pattern and the nominal accelerating field, these cop-
per cavities have to be machined to a mechanical precision
ofthe orderof 1pm and a surface roughness of about 20 nm.
PSI’s workshop has recently procured a highly specialized
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ultra-precision lathe to enable the machining of prototypes
to such specifications, and this is the first installation of its
typein Switzerland. A study has been launched with industry
to prepare for the series production of these cavities.

The mainlinearacceleratoris builtin a modularfashion, with
each module consisting of one RFtransmitter, the waveguide
network and four accelerating cavities. The four cavities are
mounted in groups of two on two support girders. A design
study forthese girders was performed, with the goal of obtain-
ing a precise, low-vibration support with good alignment
functionalityand reasonable cost. A3D sketch of the resulting
girder design is shown in Figure 1.

Allkey components ofthe linac module were specified during
2009, and all components for a prototype module will either
be constructed in-house or procured externally. This module
willbe assembled and powertested with nominal parameters
in the OBLA building at PSI.

Another important technical development is that of the un-
dulator magnets for the SwissFEL lasing beamlines. These
undulators consist of a string of small permanent-dipole
magnets with alternating polarity. The field generated by the
magnets forces the electron beam to follow a wiggling trajec-
tory. If the magnetic field pattern follows very precisely the
specifications given by the theory of free-electron lasers, the
wiggling path of the electron beam leads to the coherent
emission of X-rayradiation and rapid amplification of radiation
intensityalongthe undulators, which is characteristic of free-
electron lasers. ForSwissFEL’s hard X-ray FELbeamline named
ARAMIS, 12 undulator devices are required, each of which is
about 4 m long and has a weight of more than 20 tons. More
than 2000 small permanent magnets have to be mounted with
tight mechanical precision in each device. The field pattern
has to be measured and corrected to the nominal value by
tiny adjustments of the magnet positions. The wavelength of
the X-ray radiation can be varied by changing the distance
between the magnet arrays and the electron beam in a con-
trolled manner. One ofthe key technical challenges hereisto
control the magnet position over a distance of 4 m with pm
precision, inthe presence of mechanicalforces equivalentto
many tons of weight. A collaborative development between
PSI and specialised industry was launched during 2010 for
the supportstructures and drive mechanics of the undulators.
Tests with a prototype will startin 2011.

Planning for the SwissFEL buildings made major progress in
2010. A working group with the name “AG Wald” was set up
together with representatives from the local communities,
the cantonaladministration and PSI, to adjustthe design and
implementation of SwissFELin the Wiirenlingen forest to meet
environmental requirements. One of the results from this
working group was a modification of the position of SwissFEL,
but moreimportantly, the conceptforthe above-ground tech-

nicalbuildings was completely changed. The original concept
of afree-standinglightbuilding structure was abandoned and
replaced by a concrete structure with the top and one side
covered bythe naturalterrain. After completion of the building,
thisterrain willbe replanted with bushes and smalltrees and,
in addition, two wildlife crossings will be made across the
technical building. The layout of this new construction scheme
is shown in Figure 2.

beam position monitor-
quadrupole - :

RF cavity
support for
RF structure (x6)

VCS gate valve

PS5l standard

granite girder adjustment feet

> distance block {granite, x2)

Figure 1: Linac support girder with two C-band cavities.

Figure 2: New above-ground building concept.
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First operation of the SwissFEL injector test facility

Thomas Schietinger, Thomas Schilcher, Large Research Facilities Department, PSI;

Marco Pedrozzi, SwissFEL Project, PSI;

(on behalf of the many individuals within the PSI Large Research Facilities and Logistics Departments, as well

as the SwissFEL Project, involved in the design, construction and commissioning of the injector test facility)

The SwissFEL injector test facility was officially inaugurated in August 2010, and the event marked the beginning

of extensive studies on the generation, transport and compression of high-brightness beams. The facility’s 250

MeV linear accelerator also serves as a platform for advancing the development and validation of the accelerator

components needed for the realization of the SwissFEL facility.

The injector test facility [1,2] represents the first stage of the
SwissFEL accelerator complex. The high beam quality neces-
sarytodrivethe FELis primarily determined by this section of
the machine, and no post-correction can be applied to re-
cover from initial beam imperfections. This motivates the
early characterization of the injectorin preparation for Swiss-
FEL, using a configuration close to that of the final assembly.
The commissioning of the SwissFEL injector test facility is
proceeding in several phases, the first of which started in
early2010.Theinitial run period between March and June was
dedicated to the characterization of the electron source [3],
with the assembly of the remaining accelerator section pro-
ceedingin parallel behind a shielding wall. The first electron
beam, with an energy of 7 MeV, was observed on 12 March. In
July, the linear accelerator was connected to the electron
source to prepare for the next commissioning phase, with
acceleration upto 160 MeV. The first propagation of electrons
throughthefulllength of the injectordown to the beam dump
was celebrated with an official inauguration ceremony on
24 August, in the presence of Didier Burkhalter, a member of
the Swiss Federal Council, and representatives of the Swiss
academicand political communities. Since October, the injec-
tor has been running on a regular basis at energies around
130 MeV.The priorities during this run period are the commis-
sioning of critical components, the consolidation of measure-
ment procedures, and initial studies on beam optics.

The electron source of the injector test facility is a photo-RF
gun, i.e. electrons are extracted by laserillumination (utilizing
the photo-electric effect) from a metal cathode which is inte-
grated into the back plane of an RF cavity. The laser used to
drive the electron gun throughout 2010 is based on a compact,
turn-key Nd:YLFamplifier providing, afterfrequency multipli-

cation, a 262 nm-wavelength Gaussian pulse (6 ps FWHM)
withupto70 ) energy atthe cathode. Transverse pulse shap-
ing is performed by expanding the Gaussian-like intensity
profiletransversely and selecting the central part (about50 %)
with an aperture mask. In the future, a more powerful and
more sophisticated Ti:Sapphire amplifier will be used as a
gunlaser.The commissioning and optimization of this system
are proceeding in parallel.

After emission from the cathode surface, electrons are im-
mediately accelerated by the RF gun field. For operation in
2010, a CERN-built gun was used which had been originally
developed for high-current operation at the CLIC test facility.
Itis plannedtoreplacethisgunin 2012 with a new, PSI-devel-
oped RF gun optimized for FEL operation. The 2.6-cell 3 GHz
(S-band) standing-wave cavity runs at a nominal gradient of
100 MV/m, with 21 MW of peak power and a repetition rate of
10 Hz. The measured pulse-to-pulsejitterofthe RFfield, which
is delivered by a high-power klystron, is below 0.02° (rms) in
phase and less than 0.019 % (rms) in amplitude. The keys to
reaching such low RF jitters are having an ultra-stable RF
signal source (3 GHz) tightly synchronized to a distributed
reference system (214 MHz), a high-performance high-voltage
modulatorwhich delivers the powerto the RF klystron, and a
low-jitter low-level RF system controlling the drive signal to
the klystron. Anew approach was adopted forthe high-voltage
modulators, which are based on solid-state technology as
opposedto conventional pulse-forming networktechniques.
The pulse-to-pulse stability of the high-voltage pulse gener-
atedwas measured to be betterthan 0.004 % (rms). Although
the klystron delivers low-jitter RF power to the RF gun, small
variationsinthe temperature ofthe RFgun copperbody, which
is stabilized to £0.15°C, give rise to drifts of the gun phase of
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the orderof+2°. These drifts are compensated forby an active
digital RF feedback system, which is able to stabilize the RF
gun phase to 0.03° (rms).
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Figure 2: RF gun phase scan showing bunch charge, momentum
and momentum spread as functions of the relative phase be-
tween gun RF and laser pulse.

Obviously, a crucial parameter determining beam energy and
quality is the gun launching phase, i.e. the phase of the RF
field at which the laser pulse impinges on the cathode. In
Figure1,we showascan ofthis phase, where the beam charge
(measured by a wall current monitor), momentum and mo-
mentum spread are monitored. The latter two quantities are
measured through dispersion created by a dipole magnet (30°
bending) inaspectrometerarm.Theresultsindicate aminimal
momentum spread at a launch phase of about 38°. At this
phase, ourregulargun operating phase, electrons are emitted
fromthe copper cathode with a quantum efficiency of 4x1073,
as determined from the linearrise in bunch charge when in-
creasingthelaserpulse energy. Typically, the gunis operated
atbunch chargesvarying between 10 and 200 pC. A solenoid
located immediately after the gun provides axisymmetric
focusing of the beam while optimizing the beam emittance,
i.e. the product of beam size and divergence corrected for
correlation. The emittance ofthe beam atthe beginning of the
ensuing accelerating section (“booster”) is of crucial impor-
tance forthe quality ofthe beam further downstream and was
carefully measured during the first commissioning phase. In
Figure 2, we show the measurements of transverse beam
sizes and emittance together with a comparison to a 3D par-
ticle simulation (usingthe PSI-developed code OPAL[4]). The
beam sizeis measured with screenswhich can beinserted at
various locations all along the beamline. These screens con-
sist of YAG:Ce or LuAG:Ce scintillating crystals of 20 um and
200 pmthickness. The emittance atlow energyis determined
by intercepting the beam with horizontal and vertical slit
masks, while recording the resulting beamlet pattern on a
subsequent screen to derive the local divergence.

The main accelerating section of the injector consists of two
3 GHz travelling-wave structures, each 4.15 m long and oper-
atingatnominal gradients ofabout 20 MV/m, which resultin
an electron energyin excess of 160 MeV, again measured with
a dipole magnet. In the final configuration, the accelerating
section will comprise four structures, delivering a beam en-
ergy of about 250 MeV, followed by a magnetic chicane to
achieve dispersive bunch compression.

At these higher energies, beam profiles are also obtained
throughthe observation of optical transition radiation emitted
when the electrons traverse thin metal foils. This resultsin a
higher-resolution image of the beam than with the thicker
crystal screens. The emittance at full energy is derived from
the beam sizes measured at various locations in a periodic
lattice of focusing and defocusing quadrupole magnets
(“FODO?” lattice). This method requires, however, an excellent
understanding of the beam optics, which is the focus of cur-
rent activities. Beam optics measurements also require a
well-centred beam. The transverse beam position (orbit) along
the entire beamline is measured by a series of 500 MHz reso-
nantstrip-line beam-position monitors, which provide a posi-
tionresolution of 7 um (rms) between 5and 500 pC. The same
devicesalsodetermine charge, with aresolution of 1.5 % down
to 2 pCbunch charge.
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Figure 2: Measurements of emittance and beam size in the gun
section (data points with error bars) in comparison to simulation
results (solid and dashed lines).

Injectoroperation will proceed throughout most of 2011, inter-
rupted by afew shutdown periods dedicated to the installation
oftheremainingaccelerating structuresto reach the nominal
beam energy and the integration of the bunch compression
chicane.The beam development programme will focus onthe
characterization and optimization of the beam parameters
relevant for the realization of SwissFEL.
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in molecular biology.

Asmallselection from the large numberofresearch results obtained
at PSI during 2010 is presented in the following pages. The articles
covera largevariety of topics, including the developmentorimprove-
ment of experimental technology as well as scientific results, in the
strict sense of the term, ranging from fundamentalresearchto science
which is close to the point of practical, everyday application. One
articletherefore shows howthe muonsavailable at PSI contribute to
ourknowledge ofthe basicforces of nature, while anotherdescribes
howmuonsand neutrons helpinthe understanding ofthe properties
of high-temperature superconductors. Synchrotron light at the SLS
was used to produce an image of the arrangement of magnetic
monopoles created in a system of nano-magnets, to investigate the
changes that nuclear fuel undergoes during operation in a power
plant, and to determine molecular structures relevantto the process
of sight. Among the technical developments that will benefit SLS
users is a crystallization facility installed adjacent to one of the pro-
tein crystallography beamlines. In neutron science, an upgrade at
one of the instruments will allow imaging to be performed of phase-
contrast objects and magnetic domains. A computer simulation
enables more precise planning of the PSI proton accelerator’s per-
formance andthus benefits all scientists working at facilities powered
by this accelerator.

In the field of electrochemistry, successful projects with industry in
thefields of batteryand fuel-cellresearch are reported, while in solar
technology a method for producing a precursor of liquid fuel from
water, CO2and sunlighthas been developed. Inatmospheric science,
theimpactofthe Eyjafjallajokull volcanic eruption on air quality was
among the topics investigated.

In proton therapy, the new OPTIS2 treatment facility for eye tumours
has been put into operation and preparations for the beginning of
operation at Gantry 2, where mobile tumours in the body will be
treated, have made important progress.
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Swiss Light — Source of inspiration

Johannes Friso van der Veen, Synchrotron Radiation and Nanotechnology Department (SYN), PSI,

and Department of Physics, ETH Zurich

The Swiss Light Source has seen another year of many highlights. Stable light has inspired users from all over

the world to performing research of the highest calibre. The scientists in our Department (SYN) provide not only

user support, but also carry through an increasing number of their own research projects, often in collaboration

with external groups. These projects occasionally go well beyond using SLS; quite a few staff members are pre-

paring themselves for the X-ray Free-Electron Laser (SwissFEL), which is our next-generation source of inspiration.

The SLS combines high brilliance with long-term beam stabil-
ity. These properties allow challenging studies to be made of
a wide variety of condensed matter properties, such as the
interaction of electron spins with magnetic domain walls,
Fermisurfacesoftopologicalinsulators and high-temperature
superconductors, magnetic ‘monopoles’ in an assembly of
nano-scale magnets and magnetic excitations in correlated
electron systems. Substantial progress has also been made
inthe furtherdevelopment of X-ray imaging techniques such
as ptychography, differential phase contrast and fast tomo-
graphy.The SLS holds afewworld records: X-ray Fresnel-zone
plate lenses providing sub-10 nm resolution, a resonant in-
elastic-scattering spectrometer (ADRESS) with a resolving
powerof more than 10,000, and pixel array detectors (EIGER)
with frame rates up to 24 kHz. The SLS also houses the world’s
first platform for protein crystallisation that is directly coupled
toamacrocrystallography beamline (PX-11I) forin-situ diffrac-
tion screening. The platform has recently provided a struc-
tural basis for the nine-fold symmetry of centrioles, an orga-
nelle which is essential for generating cilia, flagella and
centrosomes [1]. The latter project has resulted from close
collaboration between our SYN Department and the Biology
and Chemistry Department (BIO) at PSI, and this collaboration
will be intensified.

Another example of interdepartmental collaboration is that,
for one year, the SYN Department has operated the Labora-
tory for Catalysis and Sustainable Chemistry jointly with the
General Energy Department (ENE). This new laboratory, which
is led by Jeroen van Bokhoven, operates the microXAS, VUV,
superXAS and PHOENIX beamlines for absorption and XES
spectroscopy, and in addition operates on-site chemical labs
for catalyst synthesis, kinetic analysis and non-synchrotron

characterisation. The jointappointment of Prof. van Bokhoven
at the Chemistry Department at the ETH Zurich provides a
strongacademiclinkand ensures aregularinflux of students.
Below, we give a research example in catalytic chemistry from
this laboratory, which highlights some of the unique capa-
bilities of the superXAS beamline.

A major technical development at the SuperXAS beamline
hasbeenthein-house design, construction and commission-
ing of a multi-crystal X-ray emission spectrometer (Figure 1)
thatallows the electronic structure of catalysts (and thus their
reactivity) to be determined under reaction conditions (at
severalatmospheres pressure and up to 800°C). This enables
the electronic structure of catalysts to be determined under
functioning conditions, which had been previously impos-
sible. The scientific highlight was the in-situ determination
of the dynamic changes of Pd nanoparticles supported on
Zn0 during methanol steam reforming (MSR) [2]. MSR, yield-
ing H> and COy, is among the most promising processes for
on-board hydrogen production for fuel cells. The Pd and Zn
structures were determined using our unique time-resolved
(quick) EXAFS (Extended X-ray Absorption Fine Structure) set-
up.Weidentified the formation of the active PdZn alloy phase
in real time, which starts at the nanoparticle surface and
proceeds “inwards” to the particle centre. PdZn alloying was
foundtobereversible. In contact with oxygen, PdZn segregates
into palladium metal and ZnO. This catalyst was selective to
CO/H; formation. The structural changes correlated with the
catalytic performance were determined by simultaneous
mass-spectrometric gas-phase analysis. This showed that
in-situ determination of the structure-performance relation-
shipisindispensable in the development of better catalysts
and catalytic systems.
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As stated above, it is the strategy of the SYN Department to
bringtogetherdifferentdisciplines around the photon source.
Thisincludes nanotechnology. The Laboratory for Micro- and
Nanotechnology, which belongs to the SYN Department,
produces unique diffractive X-optics elements, fabricates
nanostructured materials of technological relevance, inves-
tigates molecular adsorbates on surfaces, and produces
field-emitter array cathodes as a potential upgrade option
for SwissFEL. The research highlights on the following pages
underline the interdisciplinary character of photon science
atthe SLS.
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Figure 1: Compact X-ray emission spectrometer at the superXAS beamline
of the SLS.
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Figure 2: The SLS storage ring from a bird’s eye perspective.
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Discovering size-dependent spin structures in iron
nanoparticles using soft X-ray microscopy

Armin Kleibert, Arantxa Fraile Rodriguez, Frithjof Nolting, Laboratory for Condensed Matter,

Synchrotron Radiation Department, PSI;

Joachim Bansmann, Institute of Surface Chemistry and Catalysis, University of Ulm, Germany;

Andris Voitkans, Institute of Physics, University of Rostock, Germany;

Laura Jane Heyderman, Laboratory for Micro- and Nanotechnology, Synchrotron Radiation Department, PSI

Increasing experimental capabilities based on resonant soft X-ray absorption reveal many novel phenomenain
nano-sized magnets. By combining X-ray magnetic circular dichroism with photoemission electron microscopy,
we have discovered a size-dependent transition from exchange to magnetic anisotropy energy-dominated cou-
pling of