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Agreeing on future light source needs
can feel like...

We identified 8 science driver areas
for new light sources
Hierarchical
biology

Molecular
movies

Correlated
materials

Materials at the
mesoscale

Atoms to
materials

Multi-component
materials

Matter in extreme
conditions

Understanding
chemical reactions

1 - Understanding chemical reactions
Science drivers:

• Catalysis, interfaces, combustion
• Want to do it at high pressure, and as a function of time
• Examples:
• combustion engines, evolution on ms time scales
• VUV excitation of neutral species in flames,

(measure emission to determine species that are present)

Techniques:

• Spectroscopy, XAS, XES, RIXS, ion detection
• Various flavours of time-resolved pump-probe:
• X-ray pump, X-ray probe
• Optical pump, Xray probe
• Photon echo, two photon in – one photon out, 4 wave mixing with x-rays
• X-Pump- X-probe, optical pump, X-probe, 10fs time scales, sub-ps
• Various flavours of inelastic scattering

Photon beamlines and scientific instruments

1 - Understanding chemical reactions
Photon needs:

• 100 eV to 8 keV photons
• Monochromaticity, tunable to resonances
•1-50 fs pulses (even as low as 100 as)
• Auger time ~5fs, photoelectron times in as
• High peak X-ray intensity
• Pulse trains on demand (ideally different pulses to different experiments)
• Flexibility in bunch structure, pulse structure
• X-ray pulse shaping similar to optical lasers, chirping (chirped adiabatic passages)

Figure 6.4.53 Structural changes in wild-type MbCO determined 100 ps after photol
Electron density differences in wild-type MbCO presented as a colour-coded superpos
of the density ascribed to the ground (magenta) and photolysed (green) states. Wh
magenta and green overlap, they blend to white. The direction of motion, as indicate
arrows, follows the magenta-to-green colour gradient.

• Rep rate of source commensurate with 10 fs optical pump lasers (<10kHz)
IV. Solid-phase photochemistry

Comments:

The solid state is a rich arena of phenomena taking place on sub-picosecond timesca
and the XFEL is particularly suited for their investigation, as a complementary prob
ultrafast visible and IR lasers. In particular, photo-induced phase transitions provid
convenient way to set the zero of the timescale by triggering phenomena with a very s
(~fs) laser pulse. The relatively high density of target atoms in solid matter allow the
of various techniques and examples of application of powder diffraction as wel
resonant soft x-ray diffraction. These are described here.

• Time resolved experiments are hard at synchrotrons –
• single bunch, lower average current (makes other customers unhappy, takes too long,

Photo-induced effects in the solid state may start as local order-disorder processes (
consequence of ultrafast structural relaxation pathways), and amplify to coopera
phenomena which can finally trigger structural reorganisation processes in the bulk. T
behaviour has been found in the structural response function of pigments and dyes
organic molecular crystals or organic charge-transfer systems (1-D organic mixed s
compounds). They are also the underlying mechanism of other kinds of photo-indu
solid state reactions (like photodimerisation and photopolymerisation). Detailed informa
on the structural evolution can be obtained by applying time-resolved x-ray diffrac
both with single-crystal and powder-diffraction techniques. With the short and inte
x-ray pulses provided by the XFEL it will be possible to follow intra- and intermolec
structural relaxation processes which are connected to vibrational redistribution proce
or to investigate the structure of ultrashort-living intermediates (as excitonic state
organic dyes).

need better detectors, more flux, more flexibility in mode of operation).
• Intense pulse every 100ms needed for some experiments, others need more frequent
pulses. How do you serve all needs at once?
• Start and end of each e- bunch lases, but not the middle - fs X-ray time delay?

2 - Molecular movies
Science drivers:

• Observe function of catalysts (zeolite based, metal organic frameworks, bio
inspired enzymatic like catalysts) on molecular scale with time dependence
• Nanometers, inside e.g. liquid at high pressure/temperature
• 0.1 – 1000 fs time scales
• (Closely related to chemistry topic)

Techniques:

• IXS spectroscopy
• Serial imaging
• Coherent diffraction from molecules
• XCS
• Core level spectroscopies
• See also techniques used for chemistry

2 - Molecular movies

Photon needs:

• 100 eV to 8 keV photons
• Monochromaticity, tunable to resonances, transverse coherence

!

•1-50 fs pulses (even as low as 100 as)
• Auger time ~5fs, photoelectron times in as
• High peak X-ray intensity, in other cases high average power
• Pulse trains on demand (ideally different pulses to different experiments)

• Rep rate of source commensurate with 10 fs optical pump lasers (<10kHz)

!

!

!

3 - Atoms to materials

Photon beamlines and scientific instruments

Science drivers:

x-rays is proportional to the source brilliance B via Fc = (!/2)2"B. The high coherent x-ray
flux from the XFEL will allow XPCS measurements at higher frequency # and on a greater
variety of materials, overlapping with energy-domain measurements using neutron and
x-ray inelastic scattering. Time-domain XPCS measurements will provide truly
complementary information for understanding relaxational processes (e.g. often
associated with the ‘central peak’ in inelastic scattering). The accessible time windows
will naturally be influenced by the time structure of the XFEL (see also Figure 6.1.1). To
exploit the unique features of the XFEL, we propose the development of an instrument
with the capability for three types of XPCS techniques:

• Inorganic and bio clusters
• Electronics of magnetic clusters, movement from liquid to solid
• Superconductivity of systems, low-Z superconductors.
metal-insulator
• Phase transition in mass-selected clusters: melting,
• Using the very high time-averaged coherent x-ray flux from the XFEL to carry out
measurements over timescales from 10 to 10 seconds or between 200 ns
(semiconductor) phase transitions, magnetic phase XPCS
transitions.
and 600 µs by recording a sequence of speckle patterns (‘sequential’ technique).
-1

3

• Using the extremely high-peak coherent x-ray flux from the XFEL to carry out XPCS
measurements over timescales from 10-12 to 10-8 seconds using a ‘split-pulse’
technique.

What happens for 2,3,4 atoms, up to 100 atoms? Fill the gap between single
atoms and bulk material. Emergence of solid state
properties
fromis based
collections
• The
‘pump-probe’ technique
on a comparison of two speckle patterns. One
taken before the pump pulse hits the sample and a second one taken at time $t after
of single atoms.
the pump pulse has excited the sample.

Techniques:

• XAS, XMCD, XMLD,
• Scattering, optical spectroscopy
• PES, Spin-resolved PES
• Coherent imaging

Figure 6.4.30

Illustration of the XPCS sequential technique.

3 - Atoms to materials
Photon needs:

Need very bright X-rays to get any measurable signal.

• Photon energy range
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EUV to Hard-x-rays
(10 eV- 10 keV)
> 10^14 ph s-1 mm-2 mrad-1 0.1%bw
full transversal and FTL
Circular and Linear (variable)
fast ( 1kHz)
from as to ps ( possibly variable)
high
compatible with FTL
< 500 as
diffraction limited
from ~10 Hz to ~ 1 MHz	

 	


4 - Materials at the mesoscale
Science drivers:

• Material fatigue, fracture, strain
• Multiple length/time scales
• Carbon capture / sequestration
• cm-size samples, more realistically mm, potentially high-Z
• Straining a pillar reproducible at >10kHz. Strains are dynamic, must be done at
natural frequency of the system.
• Mesoscale dynamics in disordered materials (liquids, amorphous)
• Nuclear reactor, aging effect on materials – changing structural material, fuel
material, changing of failure rates, will it collapse under own weight?
• Nucleation of voids from radiation damage, how does it start at atomic scale
then grow into mesoscopic damage.

Techniques:

• Radiography (high energies)
• Coherent X-ray imaging, Coherent diffraction, XPCS, 2D + 3D structure + time
• Inelastic X-ray scattering (sub-meV resolution)

4 - Materials at the mesoscale
Photon needs

• Hard X-rays: >20keV 100s of keV (penetration!)
• In some cases very high energy X-rays (to Uranium k-edge at 115 keV)
“We need a hard X-ray flame thrower” (thanks Lou!)
• “Short pulses” on ~ps scales (ps phenomena at these length scales)
• Rep rate from single shot to kHz (eg: mapping strain deformations)

For coherent imaging techniques
• Monochromaticity of better than 10^-4 (large field-of-view at high resolution)
• Good transverse coherence length
For inelastic X-ray scattering:
• High spectral monochromaticity <10^-7 (energy resolution), high flux

Photon beamlines and scientific instru

5 - Matter in extreme conditions

Science drivers:

6.4.2
High Energy Density matter exper
• Plasmas	

6.4.2.1 Scientific case
• Geological science
In 2003, two reports [6-74, 6-75] by the US Nationa
• Fluids, pressure, radiation damage
field of High Energy Density (HED) physics as an im
• Oxides of high-Z materials, time domain evolution.
regime of matter is defined so that the energy dens
Nucleation
of
voids
on
atomic
scales,
comparison
to
MD
models
(ideal for
FELs)
•
a pressure
of ~100
GPa). The regime of interest
Figure 6.4.7, where we show the temperature-den
• Voids nucleate formation of propagating cracks
we see that, for example, a solid density foil heated
of the scales
• Extreme conditions = border of conventional phase diagrams, end
qualify. There are a variety of reasons for the w
temperatures.
Further,
the figure illustrate that conditions conside
• Distinguish crack propagation below 10eV, electron shocks at keV
regime occur in the cores of giant planets; for exam
• Material temperatures comparable to binding energies.
a pressure of ~8000 GPa and a temperature in e
Laboratory
astrophysics:
Compact
objects,
accretion
disks,
etc.
•
astrophysical objects such as accretion disks and a
matteron
(HDM)
part charged
of the HEDions.
regime [6-76]. On
highly
• Spectroscopy on materials in different states, towards spectroscopy
inertial fusion capsule, the conditions for which are
control
• Understanding high pressure phases for new materials design and
in the figure.

Techniques:

• Inelastic Xray scattering (IXS).
• Pump-probe fluorescence
• Nuclear resonant scattering
• Spectroscopy, XES, XAS, RIXS
• Coherent diffraction (time-resolved imaging and SAXS)
• Thompson scattering, diffraction
• Clusters: eTOF; Films: surface spectroscopy
Figure 6.4.7

Temperature-density phase-spac

5 - Matter in extreme conditions
Photon needs:

• Higher photon energy (20-80 keV!) short pulse, high intensity.
• High pulse-to-pulse stability
• Two time regimes
• atoms: femtosecond time scales (XP-XP to within fs)
• mesoscale dynamics: picosecond to nanosecond time scales
• Synchronisation of external drivers to X-ray pulses
• IXS and nuclear scattering requires high monochromaticity: 1e-7 and less.
• Development of highly monochromatic sources for higher efficiency.
• Very small beam size, stability of beam (micron stability)

Comments:

• Single-shot shocked material experiments at the APS: current experiments limited by Z of

materials being looked at (eg: Tony van B’s shocked porous Aerogel materials).
• Meanwhile mesoscale validation might be another type of source: Crack propagation through
diffractive imaging, can be at different length scales and higher energies. Picosecond time scales.

Anvil cell

7 - Correlated materials
Science drivers:

•“Emergence” phenomenon, phase transition
•High Tc superconducting materials
•CMR materials
•Magnetic Materials
•Topological insulators
•Thermal electric material and other Energy-related application.
•Heterojunction of the correlated materials
•Electronic dynamics when the system is driven out of equilibrium.
•Mode-selective pump-probe experiment -> ultrafast control of the electronic
states
•The knowledge is not only fundamental important, but also feed back to the
materials Synthesis and device engineering.

Techniques

•High-resolution-ARPES, Spin-resolved ARPES, Time-resolved ARPES, nano-ARPES
•High-Resolution-RIXS, Time-resolved RIXS, Time-Resolved Resonant Diffraction,
Time-Resolved XMCD, High spatial resolution of XMCD.

7 - Correlated materials
Photon needs:

TR-ARPES:
-Tunable photon energy between 10 eV and ~10 keV
-pulse duration (sub fs and fs)
-control of the polarisation, photon density per pulse
-control of the repetition rate (from few kHz to 10 MHz regime)
-Tunable “pump” photon sources
HR-RIXS
Tunable photon energy in Soft X-ray regime (250 eV to 2 KeV)
High repetition rate and beam stability.
Narrow bandwidth of the monochromatic beam
Small beam spot on sample in sub-micron range: (1) sample in-homogeneous (2) domain
physics (3) enhance detection efficiency without sacrifice resolution.
Control of polarization.
TR-RIXS:
Tunable Energy in Soft X-ray (250 eV to 2 keV)
Tunable Pulse duration (sub fs to 100 fs)
Requires very stable radiation sources
control of the polarisation, photon density per pulse
control of the repetition rate (up to 10 MHz)
FT limited pulses for the measurements in the time domain

(Fig. 3). Each of the small subunits occurs in a
single copy, arrayed around the periphery. The
structure is cross-strutted by elements of Rpb1
and Rpb2 that traverse the cleft: A helix of
Rpb1 bridges the cleft, and the COOH-terminal
region of Rpb2 extends to the opposite side.
The Rpb1-Rpb2 complex is anchored at one
end by a subassembly of Rpb3, Rpb10, Rpb11,
and Rpb12.
The active site was located crystallographically by replacement of the catalytic Mg2! ion
with Zn2!, Mn2!, or Pb2! (40). A native zinc
anomalous Fourier showed a 10-" peak that
likely results from partial replacement of the
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active site Mg2! by Zn2! during protein purification (Fig. 1), and difference Fouriers obtained from crystals soaked with either Mn2! or
Pb2! showed a single peak at the same location
(41). The metal ion site occurs within a prominent loop of Rpb1 (Fig. 3), which, on the basis
of preliminary sequence assignment, harbors
the conserved aspartate residue motif (42).
Only one catalytic metal ion was found, and
only one was reported for a bacterial RNA
polymerase (43), although a two-metal ion
mechanism, as described for single-subunit
polymerases (44), is not ruled out.
The location of duplex DNA downstream of

• Multi-beam, multi-angle
• Spatial and temporal imaging
• Microsopy, tomography
• Dynamic cellular imaging
• Coherent imaging beyond crystallography
• IXS, nuclear resonant scattering
• Spectroscopies
• Solution and fluctuation scattering
the active site (ahead of the transcribing polymerase) was previously determined by difference 2D crystallography of an actively transcribing complex (27). Canonical B-form DNA
placed in this location lies in the Rpb1-Rpb2
cleft, and can follow a straight path to the active
site (Fig. 3). About 20 base pairs are readily
accommodated between the edge of the polymerase and the active site, consistent with nuclease digestion studies showing the protection
of about this length of downstream DNA (45).
This proposal for the pol II–DNA complex is
also consistent with results of protein-DNA
cross-linking experiments: Rpb1 and Rpb5

Techniques:

• spatio-temporal studies
• phase-transitions
• Biological water
• Protein folding
• Multi-scale
• Spatial - atomic/molecular/macro-molecular/cellular
• Temporal - reactions to cell division
•Optical triggering / seeding

Science drivers:

8 - Hierachical biology

8 - Hierachical biology
Photon needs:

Many complementary sources
• Energy regime:
• from water window (300eV) to whole animal imaging at hard X-rays (50 keV)
• Coherent imaging:
• high rep rate, high brightness
• Full transverse coherence
• Longitudinal coherence (FTL) - 10000l, field of view
• Short pulses (10fs diffract-destroy)
• CW, or quasi-CW ps pulses (static microscopy)
• Full field microscopy
• Bright, incoherent source for full field microscopy, CW, narrow bandwidth, <2keV
• Diffract and destroy: LCLS++
• More photons, 10fs pulses, transform limited temporal coherence bandwith
• IXS, nuclear resonant scattering need
• Highly monochromatic 1e-7 and less
• More flux!

• Flexibility of pulse trains, high rep rate
• Synchronisation of triggers (photons) with pulses

Recurring themes*
1. Ultra-short pulse X-rays:

• Attosecond to10s of fs pulse lengths, 200 eV - 15 keV range
• Sufficient coherent power for single-shot measurements
• Programmable pulse trains, pulse shaping, ability to serve multiple users
• Synchronisation with fs pump lasers

2. Quasi-CW X-ray source

• 200 eV - 15 keV range
• Bright, high average flux, monochromatic, coherent, tunable
• Ability to serve multiple users

3. Picosecond very hard X-rays:
• 30 - 50 - 150 keV
• Picosecond pulses
• Transverse and longitudinal coherence

* Dangerous! Highly oversimplified - talk to us first!!!

