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Science Opportunities at the SwissFEL
X-ray Laser

Bruce D. Patterson?, Paul Beaud?, Hans H. Braun?, Catherine Dejoie®*, Gerhard Ingold?, Christopher
Milne?, Luc Patthey?, Bill Pedrini?, Jakub Szlachentko?, and Rafael Abela*?

Abstract: Next-generation X-ray sources, based on the X-ray Free Electron Laser (XFEL) concept, will provide
highly coherent, ultrashort pulses of soft and hard X-rays with peak intensity many orders of magnitude higher
than that of a synchrotron. These pulses will allow studies of femtosecond dynamics at nanometer resolution and
with chemical selectivity. They will produce diffraction images of organic and inorganic nanostructures without
deleterious effects of radiation damage.
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1. Introduction

Several laboratories around the world
are currently constructing and developing
Free Electron Lasers (FELs), currently the
world’s brightest sources of UV and X-ray
radiation. The research applications of the
ultra-short and intense pulses produced by
these sources range from condensed mat-
ter and materials research, to femto-chem-
istry, molecular biology, atomic spectros-
copy, and many more.

Existing facilities, FLASHI!  at
DESY in Hamburg, Germany, LCLS[! at
Stanford, USA, FERMIB! in Trieste, Italy

and SACLAM in Hyogo, Japan, as well
as the upcoming X-ray FELs SwissFEL
in Switzerland, European XFELD! in
Hamburg, Germany and PAL-XFEL in
Pohang, South Korea, all provide or will
provide photon pulses of duration less than
100 fs and with a peak brilliance many or-
ders of magnitude beyond that of conven-
tional third-generation synchrotron light
sources.

The Paul Scherrer Institute is building
the SwissFEL, which is expected to begin
user operation in the year 2017. The facil-
ity consists of a high-brightness electron
gun, a 5.8 GeV linear accelerator, perma-

nent magnetic undulators and a variety of
photon beamlines to several experimental
stations.

The SwissFEL (Fig. 1) uses a low-
emittance electron beam in conjunction
with short-period in-vacuum undulators to
generate hard X-rays at the relatively low
electron energy of 5.8 GeV. These speci-
fications can be realized with a relatively
short, 700 m, facility. The final concept
foresees two undulator lines for different
wavelength regions. The first beamline
to be built, Aramis, is designed for wave-
lengths between 0.1 and 0.7 nm; Table 1
lists the corresponding X-ray pulse design

gun & booster linac 1

10, 200 pC

BC

355 MeV

BC

2.0 GeV

tuning linac
25-34GeV

Athos

=100

’—‘_n:'%

linac 3
2.1-5.8(6.5) GeV

linac 2
2.0-3.0GeV

Aramis

©0.7-7nm, 100 Hz

-—

~0.1(0.08) - 0.7 nm, 100 Hz

Fig. 1. Schematic plan of the SwissFEL facility, including the hard and soft X-ray beamlines Aramis and Athos (undulators in grey).
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Table 1. Design parameters for various operating modes of the SwissFEL Aramis photon beam,

at 1 A wavelength

Parameter Nominal Operation Mode Upgrade
Long Pulses Short Pulses Ultra-Short Pulses

pulse energy [W] 60 3 6

peak power [GW] 2 0.6 11

RMS pulse length [fs] 13 2.1 0.3

bandwidth [%] 0.03 0.04 0.05

peak brightness [photons / 3-10% 1-10%* 1.3-10%

(mm?® mrad? s 0.1% bw)]

repetition rate [Hz] 100 100 100
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parameters. The second undulator beam
line, Athos, is designed for wavelengths in
the range 0.6 nm to 7 nm, and will offer the
option of circularly-polarized radiation.
By virtue of the acceleration of double
electron bunches and fast-switching mag-
nets, X-ray pulses will be simultaneously
available at both Aramis and Athos with a
100 Hz repetition rate.

Specialties foreseen for the SwissFEL
facility include: nearly transform-limited
‘self-seeded’ pulses, a mode with 4%
FWHM ‘broad-bandwidth’ wavelength
range, a pump-probe time resolution of
approximately 10 fs FWHM, optics, in-
strumentation and detectors for the stra-
tegically interesting photon energy range
2-4 keV, flexible options for sample exci-
tation with non-ionizing terahertz pulses,
and in-house developed two-dimensional
(2D) X-ray detectors with single-photon
sensitivity, large dynamic range and vir-
tually zero dark noise. Two hard X-ray
experimental stations are presently being
planned for ultrafast, photo-pumped inves-
tigations at Aramis: ESA for liquid-phase
chemistry and biochemistry and ESB for
crystalline bulk and thin-film materials.

2. Science Opportunities

2.1 Photochemistry and Biology
2.1.1 Conceptual Design

Experimental Station A (ESA) is envi-
sioned as a pump-probe X-ray spectrosco-
py station,[o! for investigating processes in
biology and chemistry that can be triggered
with light. ESA will have three significant
advantages, which it plans to exploit:

i) There is significant expertise in
Switzerland in time-resolved X-ray ab-
sorption and emission spectroscopy, on
both solid and liquid samples, providing a
strong local base of expert users.

ii) SwissFEL will generate X-rays in
the range from 2—5 keV, which is a photon
energy range that is difficult to access at
the facilities commonly used by the XAS/
XES community. This energy range in-
cludes elemental absorption edges of P, CI,
S, K, and Ca, which are relevant to biology,
and of Ti, which is relevant to both sustain-
able energy sources and photocatalysis.
By building a dedicated in-vacuum X-ray
spectrometer for this energy range, ESA
will provide to scientists a unique tool not
available at other X-ray sources.

iii) SwissFEL will have the ability to
tune the photon energy easily courtesy of
the variable-gap undulator design, which
greatly facilitates X-ray spectroscopy mea-
surements.

Although ESA is focused on provid-
ing scientists with easy access to the 2-5
keV X-ray energy range, the beamline
design allows the full energy range of

SwissFEL (1.7-12.4 keV) to be used for
both monochromatic (0.01-0.03%) and
broad bandwidth (3—4%) experiments with
achromatic X-ray focusing down to 1 um
spot size. By combining this flexible and
powerful photon delivery ability with the
Paul Scherrer Institute’s expertise in X-ray
detector development the following tech-
niques will be feasible at ESA:

e pump-probe X-ray spectroscopy,
including X-ray absorption (XAS),
X-ray emission (XES), and Resonant
Inelastic X-ray Scattering (RIXS)

* pump-probe X-ray diffuse scattering

» femtosecond serial nanocrystallog-
raphy, both pump-probe and steady
state

e pump-probe X-ray diffraction on
molecular crystals

It must be emphasized that this list of

techniques should not be taken to imply
that other methods will not be feasible at
ESA. The goal of the experimental station
is to allow users to implement their own
measurements with maximum flexibility.

The simplest X-ray spectroscopic tech-

nique to perform is X-ray absorption spec-
troscopy, where the X-ray signal from the
sample, measured either in transmission or
fluorescence, is monitored as a function of
the incident X-ray photon energy. The re-
sulting spectrum contains a wealth of elec-
tronic and structural information and the
technique can be applied to a broad range
of disordered samples, ranging from solids,
to liquids, to gases. This type of measure-
ment was recently performed at the LCLS
hard X-ray FEL in Stanford (USA). An ul-
trafast spin photo-excitation in a molecular
system was probed using XAS around the
Fe K-edge at 7.1 keV.l"l By measuring the
XAS signal both without and with laser
excitation as a function of the time delay
between pump (laser) and probe (X-rays),
they were able to resolve the transient XAS
signal of the molecule in its high-spin state
on the femtosecond timescale. These mea-
surements clearly demonstrate the ability

to perform time-resolved XAS at FEL fa-
cilities with femtosecond time resolution
(Fig. 2).

After an X-ray absorption process has
taken place a core hole is present in the ab-
sorbing atom, this core hole can be filled
in several different ways, e.g. through re-
laxation of a higher-lying electron, causing
the sample to emit either an electron or a
photon. The remaining relaxation process-
es involve production of electrons, primar-
ily through Auger decay. X-ray emission
spectroscopy (XES) consists of resolving
the energies of the emitted X-ray fluores-
cence after an absorption process has taken
place. This energy-resolved spectrum con-
tains information on the electronic and
spin state of the absorbing species.8-11]
This technique probes the occupied elec-
tronic states in the sample, in contrast to
XAS which probes the unoccupied states.
Using an XES spectrometer it is possible
to observe the relaxation of valence elec-
trons into the core hole, which contain in-
formation on the chemical bonds formed
by the absorbing atom. In molecular orbital
terms these signals probe the highest-oc-
cupied molecular orbitals (HOMO), and
in band structure terminology they probe
the valence band. Recently at LCLS this
type of XES measurement was combined
with a nanocrystallography experiment on
Photosystem II, which is one of the light-
harvesting centers in chlorophyll. In this
experiment the sample was exposed to
light and the X-ray diffraction pattern was
recorded from the flowing liquid jet sample
of nanocrystals simultaneously with the
Mn K-edge XES signal using a dispersive
X-ray spectrometer. This combination of
measurements allowed the researchers to
ensure that the Mn atom at the center of the
active site of the protein was undamaged
while monitoring the structural changes
due to the photoexcitation.!2!

It has recently been shown that by tun-
ing the incident X-ray photon energy just
below the absorption edge it is possible to
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Fig. 2. a) Transient XAS measured at different time delays between laser pump and X-ray probe
(-170, 0, 190, 370, 500 and 1250 fs) from bottom to top on an aqueous solution of [Fe(bpy), 1?* (b)
Time scan measured at one energy showing the difference signal, fitted with an exponential rise
time of 163 + 6 fs convolved with an instrument response of 155 + 6 fs. From ref. [7]. Reprinted
(adapted) with permission from H. T. Lemke et al., J. Phys. Chem. A 2013, 117, 735. Copyright

(2013) American Chemical Society.
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measure a scattering signal that contains
information on the X-ray absorption spec-
trum.[13] This experiment, named high-en-
ergy resolution off-resonant spectroscopy
(HEROS), can be performed in a single-
shot technique with the same technical re-
quirements as for XES measurements.
The idea of using off-resonant excita-
tions dates back to 1982 when, following
the Kramers-Heisenberg relation, !4 Tulkki
and Aberg developed simplified formulas
to describe the second-order photon-atom
interaction.[!5] This theory is often used to
calculate both the resonant and non-reso-
nant X-ray emission spectra around the ab-
sorption edge of a scattering atom.!16-191 [n
their original work, Tulkki and Aberg no-
ticed that for incident beam energies tuned
below an X-ray absorption edge (called
the off-resonance region), the shape of the
X-ray emission spectrum is proportional
to the unoccupied density of states of an
atom. However until recently, the potential
of extracting the electronic structure from
a single X-ray emission spectrum recorded
at off-resonant excitation energies was not
explored, likely due to the extremely weak
scattering cross section as compared to that
determining the resonant X-ray emission
spectrum.[!8] By combining off-resonant
excitation and an X-ray spectrometer op-
erating in a dispersive geometry at a syn-
chrotron, HEROS has been experimentally
demonstrated.[13201 An example of HEROS
is shown in Fig. 3. HEROS is an alternative
to XAS, with significant advantages when
used with pulsed X-ray sources. By taking

advantage of its ability to record an X-ray
spectrum in a single measurement, it has
been applied to monitoring the kinetics of
a chemical reaction.[!3]

2.1.2 Application

As an example of the kind of experi-
ment that will be feasible at ESA, we have
chosen the femtosecond photoexcitation
of TiO, nanoparticles in solution. TiO,
nanoparticles are used in numerous appli-
cations, e.g. as photocatalystsi2! or as semi-
conductors in dye-sensitized solar cells.[22]
Its many uses are related to the ability of the
nanoparticle to trap an electron-hole pair in
an easily accessible long-lived state, allow-
ing it to either perform a chemical reaction
or to transfer into a substrate, generating
current (Fig. 4). The electron-hole pair can
either be created directly, by exciting the
semiconductor nanoparticle with photons
of above band-gap energy, or by injection
of an electron into the conduction band of
the nanoparticle from another source, for
example a dye molecule. The bandgap of
TiO, varies slightly depending on its crys-
talline phase (e.g. anatase, rutile, brookite),
but in all cases the energy necessary to ex-
cite an electron falls in the UV region of
the spectrum (>3 eV), making excitation
with, for example, solar irradiation diffi-
cult. Various techniques have been used to
try to reduce the energy necessary to ex-
cite an electron, while still maintaining the
same absolute energy in order to maintain
the reactivity of the electron. The goal is
to understand the transient excited state

Fig. 3. The HEROS
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and relaxation processes of the electron-
hole pair created upon excitation of the
nanoparticle with UV light and to identify
the trapping mechanism on an ultrashort
timescale (<1 ps).

By taking advantage of ESA’s abil-
ity to perform a variety of measurements
concurrently, we will be able to perform
XAS, XES, and X-ray diffraction on these
nanoparticles. XAS provides details on the
unoccupied electronic states of the semi-
conductor conduction band, as well as on
the local electronic and geometric struc-
ture around the Ti atoms in the nanocrys-
tals. XES provides information on the oc-
cupied states of the semiconductor valence
band. X-ray spectroscopy can thus provide
detailed information on the electronic
states involved in the electron-hole pair
formation, and their evolution in time after
photo-excitation. As a complement to the
spectroscopic measurements ESA will al-
so be capable of measuring the wide-angle
X-ray scattering signal (WAXS) from the
nanocrystals, which provides information
on the crystal lattice dynamics after pho-
toexcitation. By measuring the lattice dy-
namics and correlating them with the spec-
troscopic measurements of the electronic
relaxation on the femtosecond timescale it
will be possible to establish how electron-
phonon coupling affects the formation of
the long-lived trapped electronic states.

2.2 Pump and Probe in Condensed
Matter
2.2.1 Conceptual Design

The proposed station ESB dedicated to
perform pump and probe experiments in
condensed matter combines time-resolved
laser spectroscopic methods and X-ray
scattering techniques to study the dynam-
ics of cooperative interactions in crys-
talline materials that exhibit long-range
electronic and magnetic order. Important
representatives are the strongly correlated
electron systems or ‘quantum materials’
that exhibit competition between lattice,
charge, orbital and spin degrees of free-
dom. From the correlations of the atom-
ic, electronic and magnetic constituents
new phases or states of condensed matter
emerge. Recent examples include materi-
als with high-temperature superconductiv-
ity, colossal magnetoresistance, metal-to-
insulator transition, electron fractional-
ization and novel quantum-critical states.
Multiferroics, materials combining several
functional properties, hold promise for
future device applications. To character-
ize and control such materials — especially
when they are not in strict thermodynamic
equilibrium - is ideally done in the time
domain where the coupled excitations
can be distinguished on account of their
different response and relaxation times.
Photon-in/photon-out scattering allows to
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directly correlate the electronic, magnetic
and structural dynamics.

At the hard X-ray ARAMIS beamline
we propose to install an instrument for
X-ray pump-probe (XPP) scattering and
diffraction with polarization control and
flexible sample environment. It includes a
fs laser system, X-ray optics, diagnostics
and three experimental setups. In a first
phase, (i) a general purpose heavy load
sample stage with robot detector arm and
cryo XPP chamber and (ii) a heavy load
diffractometer with detector arm including
polarization analysis for elastic scattering
at high magnetic fields will be installed.
Once ARAMIS self-seeding becomes
available, (i) a compact medium energy
resolution spectrometer for inelastic scat-
tering at high pressure will be installed.

Novel quantum phases in solids often
emerge via coupling between the lattice,
charge, orbital and spin systems exhibit-
ing long-range order. To experimentally
study such systems the measured quantity
must be allowed to infer information about
the spectroscopic properties of fermionic
(quasiparticle) excitations, about the dy-
namic properties of bosonic (collective)
modes, and about the correlations embed-
ded in the two-particle properties of the
large number of interacting constituents.
Such information can be inferred from the
dynamic structure factor S(q,®) which is
measured in X-ray scattering.

Resonant and non-resonant X-ray dif-
fraction (coherent elastic scattering) can
measure long-range atomic, electronic
and magnetic order whereas elastic and
inelastic (incoherent) X-ray scattering are
sensitive to both thermal and non-thermal
(quantum mechanical) fluctuations.

At SwissFEL, employing these tech-
niques in the time-domain using X-rays in
the range 4-12.4 keV, elementary excita-
tions can be probed which dictate the re-
sponse of the system when it is driven both
near to and far from equilibrium with an
optical laser or THz pump-pulse. To study
electronically and spin driven dynamics in
the time domain, XPP measurements with
time resolution well below 50 fs have to
be performed. Main areas of investigation
include:

¢ (Coherent) dynamics and coupling in

non-equilibrium systems;

* Correlations and fluctuations in non-

equilibrium phase transitions;

* Real-time evolution of electronic

correlations;

e Selective excitation of electronic,

spin and structural order;

* Coupling, control and switching in

multiferroics;

* Non-linear transient response in con-

densed matter systems;

* (Quantum) control of response func-

tions.

2.2.2 Applications

As an example we briefly discuss a new
class of experiments foreseen at endstation
ESB, namely to employ diffuse scattering
in the time-domain to study electronically
induced criticality in correlated electron
systems (‘quantum materials’). Critical
systems are close to a critical point, gen-
erally identified as the boundary of an
order—disorder phase transition; they can
avoid to be trapped in one of the two ex-
treme states: the long-range ordered state
in which the interactions are too strong and
the constituents are locked, and the disor-
dered state in which the interactions are
too weak and the system is dominated by
noise. Second-order phase transitions (e.g.
a ferromagnetic transition) exhibit critical-
ity when a control parameter (e.g. tempera-
ture) drives the system from one phase to
another across the critical point. Close to
the critical point, fluctuations exhibiting
spatial and temporal correlations develop
which give rise to power law distributions
(critical exponents) in certain thermody-
namic quantities that describe the response
of the system (e.g. magnetic susceptibil-
ity). Fluctuations can be driven thermally
or non-thermally. Ultimately it should be
possible to measure stimulated criticality
of materials that exhibit a quantum critical
point (QCP) — a zero-temperature phase
transition — separating an ordered from a
quantum-disordered state (i.e. one caused
by quantum fluctuations) which can be
controlled by a magnetic field or by pres-
sure.

Employing time-domain diffuse scat-
tering, it has recently been demonstrated
that stimulated density-density correla-
tions can be measured at a hard X-ray free
electron laser.23] In this novel experiment
the phonon—phonon correlations of germa-
nium have been measured to access large
portions of the phonon dispersion.

For phonons, the correlation function
g(t)= <uq(0)u_q }(t)>is the variance of atom
displacements with amplitude u,. Upon ex-
citation with a femtosecond laser pulse the
time evolution of the variance g(t) of cor-
related pairs of phonons at reduced wave-
vector q and -q is measured stroboscopi-
cally as a function of the pump-probe delay
T between the optical pulse and the X-ray
pulse. As shown in Fig. 5, the evolution of
g(7) derived from the change of the nor-
malized diffuse scattering intensity has an
oscillatory contribution which is attributed
to a two-phonon squeezed state. Squeezing
arises if the system is initially in a time-
independent eigenstate (or admixture of
eigenstates). The optical excitation of the
electronic system with an ultrashort laser
pulse causes a fast change of the atomic
potential and hence a ‘softening’ of opti-
cal and acoustic phonon branches over a
large subset of the Brillouin zone. For a

harmonic atomic potential, the sudden
decrease in the frequency of the harmonic
oscillator will ‘squeeze’ the position-space
distribution of the oscillator and launch an
oscillation in the expectation value of the
variance of the position which is twice the
frequency of the normal mode after excita-
tion. This oscillation in the quadrature of
the normal-mode coordinate (and its corre-
sponding canonical momentum) is what is
meant by ‘phonon squeezing’. It is shown
in Fig. 5 for two different reduced wave-
vectors ¢. The phonon dispersion ®(q)
is then obtained by applying the Fourier
transform.

In a previous experimentl?l we stud-
ied phonon squeezing by exploiting the
Debye-Waller effect in Bragg diffraction
to measure the time-dependence of the
mean-square displacements of atoms in
pure bismuth that is excited with a laser
pulse (see Fig. 6). Now these types of stud-
ies have been extended to time-resolved
X-ray diffuse scattering. This method is
more general because correlations (vari-
ances) caused by atomic displacements
and also by charge or spin disorder?3! can
be measured for a particular wavevector
throughout the Brillouin zone.

One class of experiments in the fu-
ture would cover charge (CDW) and spin
(SDW) density wave systems close to a
QCP at high pressure where a THz pump-
pulse selectively excites vibrational modes
(‘phonon pumping’) which couple to the
CDW or SDW system.

3. Pilot Experiments in Structure
Determination

3.1 Using a Non-monochromatic
Microbeam for Serial Snapshot
Crystallography

The SwissFEL facility will provide
a broad-bandpass mode with an energy
bandwidth of about 4%, and this has im-
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Fig. 5. Femtosecond X-ray diffuse scattering.
Change in normalized diffuse scattering inten-
sity Al(t)/l_ o g(t) due to phonon squeezing
for two different reduced wavevectors q in the
(022) Brillouin zone of germanium as a function
of (optical)pump-(X-ray)probe delay. From ref.
[20].
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Fig. 6. Femtosecond X-ray diffraction. Time-
resolved atomic position variance measured
at the (11-2) diffraction peak of bismuth where
phonon squeezing causes a decrease in the
magnitude of diffraction via the Debye-Waller
factor. The solid line shows a fit to a simple
model of phonon squeezing. From ref. [21].
Reprinted from M. A. Henderson, Surface
Science Reports, 2011, 66, 185. Copyright
(2011), with permission from Elsevier.

portant implications for structural studies.
By exposing a small crystallite (from na-
no- to a few micrometers in size) to a single
ultrafast pulse, a diffraction pattern can be
obtained before the crystal is damaged.
If such single-pulse diffraction patterns,
collected sequentially on many randomly
oriented crystallites, are combined, it is
possible to determine the structure of the
material accurately.l?¢! Performing such an
experiment with strictly monochoromatic
beam has a serious drawback: only a single
position of the Ewald sphere is accessed in
each pattern, and, because reflections have
a finite width, the diffraction condition is
not satisfied completely for any of the re-
flections recorded. By using the 4% energy
range of the SwissFEL beam, a new option
for structural studies of crystalline materi-
als may become possible. The use of such
an ‘extra pink’ beam in a diffraction exper-
iment with stationary crystallites should
not only increase the number of reflection
intensities that can be collected in a single
shot, but also overcome the problem of
‘partial reflection’ measurement that is in-
herent to the monochromatic experiment.
In a recent proof-of-concept study, a
new approach, inspired by the Laue sin-
gle-crystal (micro)diffraction technique
was examined.?”! Diffraction patterns for
100 randomly oriented stationary crys-
tallites of the MFI-type zeolite ZSM-5
were simulated assuming several energy
bandwidth values and two detector posi-
tions. These necessarily sparse diffraction
patterns could be indexed using a pattern
recognition algorithm. The number of ac-
cessible reflections that are not affected
by the partial reflection intensity problem
increases significantly with bandwidth.

Furthermore, the number of reflection in-
tensities that can be measured in a single
shot is also significantly higher than with
monochromatic radiation. On average,
with a 4% (0.5%) bandwidth, there are 140
(17) reflections per pattern with a 2D 1M
Pilatus detector positioned at 90° (20) rela-
tive to the incident beam and 46 (6) reflec-
tions with the detector at 45° (20). For 100
randomly oriented patterns, a complete-
ness value of ca. 65% was calculated for
each individual setup, with an increase up
to 80% (0.9-2.5 A resolution range) for the
two setups combined. Structure solution,
using either direct methods or a dual-space
method, with the reflections from these
patterns was successful for bandwidth val-
ues greater than 3%.

In the near future the SwissFEL ex-
periment will be simulated at synchrotron
sources. With the real data obtained there
problems of intensity correction, indexing
and scaling will be tackled. This new ap-
proach could be of benefit to the protein
community as well as in the area of inor-
ganic and small molecule structures, where
the diffraction patterns are much sparser.
The ‘extra pink’ beam mode option at
SwissFEL also offers a clear opportunity
to ease the data acquisition and subsequent
evaluation in femtosecond time-resolved
experiments.

3.2 Two-dimensional Structure
from Random Multiparticle X-ray
Scattering Images Using Cross-
correlations

The cross-correlation method proposed
already in 1977 by Kam[?8] allows three di-
mensional (3D) structural information of
a particle to be accessed by accumulating
data extracted from a large set of (noisy)
scattering images on single- or multi-
particle random configurations. The pro-
cedure is the subject of renewed interest
because X-ray Free Electron Lasers may
provide the required photon flux. Below,
we describe procedure and outcome of an
analogous 2D pilot experiment, simplified
to be feasible at a synchrotron source. It
resulted in the reconstruction of the 2D
electron density of a 350 nm sized gold
nanoparticle.

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 suf-
ficiently oversampled and that sufficient
signal to noise is achieved. The cross-
correlation method finds its application if
such conditions cannot be met, which typ-
ically happens when only random multi-
particle scattering images can be acquired.
The key point is the accumulation of data
from different images to properly evaluate
the cross-correlations. In 2D, the scatter-

ing pattern of a single particle can then be
unambiguously determined.

For the 2D cross-correlation test exper-
iments, a large number of identical, effec-
tively 2D gold nanostructures were grown
in random orientation on a membrane.
This was scanned through the X-ray beam
at the cSAXS beamline of the Swiss Light
Source, so that each time a different multi-
particle arrangement was illuminated. Fig.
7ais an example of the 3751 diffraction re-
corded images, originating from about 20
nanoparticles. Fig. 7b is the 2D diffraction
image of the single particle reconstructed
following the cross-correlation based
protocol, described in detail in ref. [29].
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Fig. 7. (a) Example of a multi-particle diffrac-
tion image. The measured number of photon
counts S is displayed in logarithmic scale. (b)
Single-particle diffraction pattern S(q,$), recon-
structed using the cross-correlation method
from 3751 multi-particle diffraction images of
which (a) is a typical example. (c) 2D charge
density p, obtained by applying a phasing al-
gorithm to the data of (b).



78  CHIMIA 2014, 68, Nr. 1/2

CRYSTALLOGRAPHY, PAsT, PRESENT, FUTURE

Finally, Fig. 7c displays the reconstructed
2D electron density of the particle, and rep-
resents a first convincing proof of principle
of 2D structure determination based on the
cross-correlation method. The upcoming
challenge is to execute the experiment in
3D, which is accompanied by practical and
computational complications. Extension
to particles in solution will require a suf-
ficient number of scattered photons within
the rotational correlation time of the par-
ticles. It is thus evident to consider the FEL
as the X-ray radiation source.

4. Outlook

Progress is continuing on the realiza-
tion of several XFEL projects worldwide:
the LCLS in California and the SACLA
facility in Japan are producing prodigious
amounts of spectacular data and the inter-
est in XFELs of the scientific community
is rapidly growing. The construction of
SwissFEL is progressing well; operation in
Villigen-Wiirenlingen can begin in 2017.
The Paul Scherrer Institute welcomes input
from all interested parties.
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