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It’s a multi-purpose pump-probe station which will specialize in 
systems in solution

The envisioned techniques available will be:
X-ray absorption (XANES, perhaps EXAFS)
X-ray emission (XES, RIXS)
Diffuse scattering (SAXS, WAXS)
Nanocrystal diffraction using a liquid jet delivery system

What is Experimental Station A ?
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X-ray absorption: Retrieving local structure

distances to 
neighbouring 
atoms

oxidation state, 
geometry, 
coordination 
environment

X-ray absorption gives information on the 
unoccupied electronic states and the local 

structure

unoccupied 
electronic states

mailto:chris.milne@psi.ch
mailto:chris.milne@psi.ch


November 15, 2012 SwissFEL Pump-Probe Laser Workshopchris.milne@psi.ch

X-ray emission: Retrieving electronic information

As with optical 
spectroscopy you will 
see all the emission 
lines if you’re above the 
absorption edge
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X-ray emission gives information on the 
occupied electronic states
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X-ray scattering: Retrieving global structure

X-ray scattering gives information on 
relative atomic positions of all atoms 

in the sample

X-ray scattering is sensitive to all the 
atoms in the sample

You can retrieve the pair 
distribution function, giving the 
distances between two atoms in 
the sample

the difference radiation depends on the number of excited molecules, which in
turn is a function of the solute concentration. If the system is excited with
ultrashort optical pulses, this number should not exceed a critical system-specific
level. If this restriction is not respected, multiphoton absorption may be activated
in the solute and solvent, and this may obscure the interpretation. In practice, the
concentration of excited species is thus always very low, typically 1

1000 . Once
again, the intensity of the X-ray beam is all important.

Another specific difficulty in X-ray experiments is that diffraction images
contain contributions not only from the liquid sample but also from the capillary
and air. It is often delicate to disentangle these contributions from each other
(Fig. 3). Note that the main noise in the difference signal comes from the photon
statistics in the X-ray background. This is an intrinsic limitation in solution
phase ultrafast X-ray scattering. One must also take into account the presence of
radioactivity and cosmic rays. The parasitic counts generated by these two
mechanisms may be eliminated by subtracting two images, the original minus
180! rotated.

All measured intensities can be put on absolute scale by proceeding as
follows. At high angles the scattering pattern can be considered as arising from
a collection of noninteracting gas molecules rather than from a liquid sample.
The Compton scattering cannot be neglected, but it is independent of molecular
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Figure 3. Various contributions to the scattered X-ray intensity. The system under

consideration is a dilute I2/CCl4 solution.

6 savo bratos and michael wulffq = 4⇡ sin ✓/�

S. Bratos and M. Wulff Adv. Chem. Phys. 131, 1 (2008)
J. Kim et al. Acta. Cryst. A 66, 270 (2010)

ID09B at ESRF
M. Wulff et al.
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X-ray nanocrystallography: Retrieving crystalline structure

photon energy of the X-ray pulses was 1.8 keV (6.9-Å wavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). An X-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700 MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016 W cm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30 MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.

The front detector module, located close to the interaction region,
recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, with N 2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.

Figure 3a shows strong single-crystal diffraction to the highest
angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities
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Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.

LCLS X-ray pulses 

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 μm

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10 m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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sioning of theLCLSCoherentX-ray Imaging (CXI)
instrument (10). The CXI instrument provides
hard x-ray pulses suitable for high-resolution crys-
tallography and is equipped with Cornell-SLAC
Pixel Array Detectors (CSPADs), consisting of
64 tiles of 192 pixels by 185 pixels each, arranged
as shown in Fig. 1 and figs. S1 andS2. TheCSPAD
supports the 120-Hz readout rate required to mea-
sure each x-ray pulse from LCLS (11, 12).

Here, we describe SFX experiments per-
formed at CXI analyzing the structure of hen

egg-white lysozyme (HEWL) as a model
system by using microcrystals of about 1 mm
by 1 mm by 3 mm (4, 11). HEWL is an extremely
well-characterized protein that crystallizes eas-
ily. It was the first enzyme to have its structure
determined by x-ray diffraction (13) and has
since been thoroughly characterized to very high
resolution (14). Lysozyme has served as a model
system for many investigations, including radia-
tion damage studies. This makes it an ideal sys-
tem for the development of the SFX technique.

Microcrystals of HEWL in random orientation
were exposed to single 9.4-keV (1.32 Å) x-ray
pulses of 5- or 40-fs duration focused to 10 mm2 at
the interaction point (Fig. 1). The average 40-fs
pulse energy at the sample was 600 mJ per pulse,
corresponding to an average dose of 33 MGy de-
posited in each crystal. This dose level represents
the classical limit for damage using cryogenically
cooled crystals (15). The average 5-fs pulse energy
was 53 mJ. The SFX-derived data were compared
to low-dose data sets collected at room temper-
ature by using similarly prepared larger crystals
(11). This benchmarks the technique with a well-
characterized model system.

We collected about 1.5million individual “snap-
shot” diffraction patterns for 40-fs duration pulses
at the LCLS repetition rate of 120 Hz using the
CSPAD. About 4.5% of the patterns were clas-
sified as crystal hits, 18.4% ofwhichwere indexed
and integrated with the CrystFEL software (14)
showing excellent statistics to 1.9 Å resolution
(Table 1 and table S1). In addition, 2 million
diffraction patterns were collected by using x-ray
pulses of 5-fs duration, with a 2.0% hit rate and
a 26.3% indexing rate, yielding 10,575 indexed
patterns. The structure, partially shown in Fig. 2A,
was determined by molecular replacement [using
Protein Data Bank (PDB) entry 1VDS] and using
the 40-fs SFXdata. No significant differenceswere
observed in an Fobs(40 fs) – Fobs (synchrotron)
difference electron density map (Fig. 2B). The
electron density map shows features that were
not part of the model (different conformations of
amino acids and water molecules) and shows no

Table 1. SFX and synchrotron data and refinement statistics. Highest
resolution shells are 2.0 to 1.9 Å. Rsplit is as defined in (16): Rsplit ¼
!

1ffiffi
2

p
#
⋅

∑
hkl

jIevenhkl − Ioddhkl j
1
2∑hkl

jIevenhkl þ Ioddhkl j
. SLS room temperature (RT) data 3 statistics are from

XDS (20). B factors were calculated with TRUNCATE (21). R and rmsd values
were calculated with PHENIX (22). n.a., not applicable. The diffraction pat-
terns have been deposited with the Coherent X-ray Imaging Data Bank,
cxidb.org (accession code ID-17).

Parameter 40-fs pulses 5-fs pulses SLS RT data 3

Wavelength 1.32 Å 1.32 Å 0.9997 Å
X-ray focus (mm2) ~10 ~10 ~100 × 100
Pulse energy/fluence at sample 600 mJ/4 × 1011 photons per pulse 53 mJ/3.5 ×1010 photons per pulse n.a./2.5 × 1010 photons/s
Dose (MGy) 33.0 per crystal 2.9 per crystal 0.024 total
Dose rate (Gy/s) 8.3 × 1020 5.8 × 1020 9.6 × 102

Space group P43212 P43212 P43212
Unit cell length (Å), a = b = g = 90° a = b =79, c = 38 a = b = 79, c = 38 a = b = 79.2, c = 38.1
Oscillation range/exposure time Still exp./40 fs* Still exp./5 fs* 1.0°/0.25 s
No. collected diffraction images 1,471,615 1,997,712 100
No. of hits/indexed images 66,442/12,247 40,115/10,575 n.a./100
Number of reflections n.a. n.a. 70,960
Number of unique reflections 9921 9743 9297
Resolution limits (Å) 35.3–1.9 35.3–1.9 35.4–1.9
Completeness 98.3% (96.6%) 98.2% (91.2%) 92.6% (95.1%)
I/s(I) 7.4 (2.8) 7.3 (3.1) 18.24 (5.3)
Rsplit 0.158 0.159 n.a.
Rmerge n.a. n.a. 0.075 (0.332)
Wilson B factor 28.3 Å2 28.5 Å2 19.4 Å2

R-factor/R-free 0.196/0.229 0.189/0.227 0.166/0.200
Rmsd bonds, Rmsd angles 0.006 Å, 1.00° 0.006 Å, 1.03° 0.007 Å, 1.05°
PDB code 4ET8 4ET9 4ETC
*Electron bunch length

Fig. 1. Experimental geometry for SFX at the CXI instrument. Single-pulse diffraction patterns from
single crystals flowing in a liquid jet are recorded on a CSPAD at the 120-Hz repetition rate of LCLS. Each
pulse was focused at the interaction point by using 9.4-keV x-rays. The sample-to-detector distance (z) was
93 mm.
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oversample the molecular transform, providing a potential route to
phasing of the pattern17,18.

In conventional crystallography, the ‘full’ Bragg reflection is deter-
mined to high precision, for example by integrating counts as the
crystal is rotated such that these reflections pass through the diffrac-
tion condition. By indexing individual patterns and then summing
counts in all partial reflections for each index, we performed a
Monte Carlo integration over the reciprocal-space volume of the
Bragg reflection and the distribution of crystal shapes and orientations
and variations in the X-ray pulse fluence. The result of this procedure
converges to the square of the structure factor moduli18. We found that
over 13% of diffraction patterns with ten or more spots could be
consistently indexed using the programs MOSFLM19 and DirAx20

(Methods). Merged intensities at 70-fs pulse duration are presented
as a precession-style image of the [001]-zone axis in Fig. 3b (see also
Supplementary Figs 3 and 4). We tested the reliability of this approach
by comparing the LCLS merged data with data collected at 100 K with
12.4-keV synchrotron radiation from a single crystal of photosystem I
cryopreserved in 2 M sucrose. These data sets show good agreement,
with a difference metric, Riso, of 22.1% computed over the entire reso-
lution range and of less than 13% in the middle resolution shells; see
Supplementary Table 1 for detailed statistics.

To complete our proof of principle, we conducted a rigid-body
refinement of the published photosystem I structure (Protein Data
Bank ID, 1JB0) against the nanocrystal structure factors, yielding
R/Rfree 5 0.25/0.23. A representative region of the 2mFo 2 DFc elec-
tron density map at 8.5 Å (Methods) from the LCLS data set is shown
in Fig. 3c. This map shows the details expected at this resolution,
including transmembrane helices, membrane extrinsic features and
some loop structures. For comparison, the electron density refined
from the 12.4-keV, single-crystal data set truncated to a resolution of
8.5 Å is given in Fig. 3d.

The dose of 700 MGy corresponds to a K-shell photoabsorption of
3% of all carbon atoms in the protein. This energy is subsequently

released by photoionization and Auger decay, followed by a cascade
of lower-energy electrons caused by secondary ionizations, taking
place on the 10–100-fs timescale21. Using a model of the plasma
dynamics22,23, we calculated that by the end of a 100-fs pulse each atom
of the crystal was ionized once, on average, and that motion of nuclei
had begun. This is expected to give rise to a decrease in Bragg ampli-
tudes, similar to an increase in a Debye–Waller temperature factor24.
We studied the effects of the initial ionization damage on the diffrac-
tion of photosystem I nanocrystals by collecting a series of data sets at
pulse durations of 10, 70 and 200 fs. The 10-fs pulses were produced
with lower pulse energy: ,10% of the total number of photons of the
longer pulses13, or a 70-MGy dose. Plots of the scattering strength of
the crystals versus resolution, generated by selecting and summing
Bragg spots from more than 66,000 patterns for each of the three pulse
durations measured, are shown in Fig. 4. The 10- and 70-fs traces are
very similar, indicating that these pulses are short enough to overcome
radiation damage at the observed resolution, 8.5 Å. For 200-fs pulses,
there is a decrease in scattering strength at resolutions beyond 25 Å,
indicating disordering on this longer timescale. The highest-resolution
Bragg peaks for the 200-fs pulses were not broadened or shifted relative
to the short-duration data sets, which indicates there was no strain or
expansion of the lattice, respectively.

Our next step is to improve resolution by using shorter-wavelength
X-rays. Resolution may ultimately be limited by X-ray pulse fluence,
the ultrafast radiation damage and the intrinsic disorder within the
nanocrystals themselves. Recent experiments21 at LCLS indicate a brief
saturation of the X-ray photoabsorption of atoms in a tightly focused
pulse, resulting in a decrease in photoionization damage on a 20-fs
timescale without a reduction in the scattering cross-sections that give
rise to the diffraction pattern22. Planned beamlines at LCLS aim to
achieve up to a 105-fold increase in pulse irradiance by tighter focusing,
allowing data collection with low-fluence, 10-fs pulses or pulses of even
shorter duration25. This provides a route to further reducing radiation
damage and may allow measurements on even smaller nanocrystals,
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Figure 3 | Diffraction intensities and electron density of photosystem I.
a, Diffraction pattern recorded on the front pnCCDs with a single 70-fs pulse
after background subtraction and correction of saturated pixels. Some peaks are
labelled with their Miller indices. The resolution in the lower detector corner is
8.5 Å. b, Precession-style pattern of the [001] zone for photosystem I, obtained
from merging femtosecond nanocrystal data from over 15,000 nanocrystal

patterns, displayed on the linear colour scale shown on the right. c, d, Region of
the 2mFo 2 DFc electron density map at 1.0s (purple mesh), calculated from
the 70-fs data (c) and from conventional synchrotron data truncated at a
resolution of 8.5 Å and collected at a temperature of 100 K (d) (Methods). The
refined model is depicted in yellow.
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on the positions of all the atoms 
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Pump-probe at Experimental Station A

X-ray
๏ monochromatic (0.01% BW) and 
broadband (1-3%)
๏ variable focus (500 nm -100 µm)
๏ tuneable energy (2-14 keV)
๏ ultrashort pulse durations (1-100 fs)
๏ photons, photons and more photons

Laser

Available equipment
๏ sample chamber for use at low pressure and He environments
๏ 2D scattering detector (e.g. Jungfrau, 75 µm pixels, dynamic gain switching)
๏ Von Hamos x-ray emission spectrometer
๏ liquid jet for solution samples (100 µm) and nanocrystals (4 µm)

?
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Decisions and Timelines

2014

2015

2016

2017

2018

Conceptual design report deadline: figure out what experiments will be immediately feasible at SwissFEL, and what 
experiments will be implemented in subsequent stages

Technical design report deadline: technical drawings completed, ready for purchase orders/call for tender

Purchasing and component production

Component assembly and commissioning at the SLS

Move into SwissFEL building

First beam and first friendly users

Normal user operation and begin implementation of second stage experimental techniques at ESA

http://www.psi.ch/swissfel/time-schedule

Dec. 23rd
2013

March 1st
2013
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