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EXECUTIVE SUMMARY

Seeing inside matter, to capture the nanoscopic mons that determine macroscopic properties
and function, is the revolutionary goal that will be made possible by NLS. This will open up
dramatic new scientific frontiers including:

¢ IMAGING NANOSCALE STRUCTURES. NLS enables the making of instantaneous images
of objects that show the full nanoscale structure iptured at any desired instant and so could
allow, for example, the internal organisation of sb-cellular structures in living systems to be
described.

¢ CAPTURING FLUCTUATING AND RAPIDLY EVOLVING SYSTEMS. NLS will
characterize the rapid intrinsic evolution and fluduations in the positions of the constituents
within matter by the use of coherent soft X-ray sciéering and related techniques.

¢ STRUCTURAL DYNAMICS UNDERLYING PHYSICAL AND CHEMIC AL CHANGES.
NLS will reveal the underlying structural dynamics governing condensed matter changes and
chemical and biochemical processes by using laseumpp- X-ray probe techniques.

¢ ULTRA-FAST DYNAMICS IN MULTI-ELECTRON SYSTEMS. NL S will provide the
capability for measuring the multi-electron quantum dynamics that are present in all complex
matter by using attosecond pump-attosecond probe ¢aniques.

These are unique areas of research in significant easure distinct from other international
facilities (e.g. LCLS, XFEL) where programmes suctas single molecule atomic scale imaging,
time resolved crystallography and the effects of sitks upon a lattice are better studied.

The drivers behind this programme are basic sciencthat will emerge from the new capability.
There is an excellent coupling to the basic scienemd technology needed to address key societal
challenges such as Energy, Healthcare and Nanotediiogy.

To enable these scientific advances the NLS Fagjliwill require:

Photon energies tuneable over the range from THz/IRhrough to soft X-rays (to ~ 1.5 keV in
the fundamental /7.5 keV in harmonics)

Two-colours (i.e. UV/Vis or IR/THz synchronised wih soft X-ray pulses)

Ultra-fast pulses with duration down to sub-femtoseond range

High temporal and transverse coherence

This combination of light source requirements formshe science-led demand for a novel facility
capability. These appear to be achievable parameterthrough a combination of Linac based

FELs and advanced conventional laser technology. Nt is now needed is a technical design
study to allow this science case to be coupled tdaility solution.

In this document we will present a justification ofthe case for the groundbreaking new science
enabled by NLS and a summary of capabilities requed for this science that define a unique,
and realisable, UK New Light Source Facility. A nunber of example research areas, that
couple to current UK interests and strengths, and could be tackled in the early years of the
facility are highlighted to illustrate the kind of new opportunities enabled by NLS. A description

of the consultation process carried out is given.
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1. OVERVIEW OF CASE

1.1 INTRODUCTION

Across a broad range of disciplines, the scientiimmmunity is currently frustrated by its inabilify
observe directly the ultrafast dynamics of mattertlee nanoscale. We can at present only observe
relatively slow motion changes to structure, oeinlynamical effects via indirect measurements. In
short, we are presently blind to structural charggsirring on the sub-picosecond timescale (we can
infer but not see). Yet many critically importambpesses evolve on the femtosecond timescale and at
the molecular and sub-cellular level — requiringoraetre scale resolution. In this document we will
discuss the scientific case for a new light souiaality that would permit us to see ultra-fast
dynamics on the nanoscale. The key tools to endidebreakthrough are lasers and free electron
lasers (FELS).

The properties of the light from the next generatd photon sources, i.e. free electron lasers, are
dramatically different from those of storage riraged conventional lasers. Storage ring synchrotron
radiation has enormous spectral coverage and daverda high photon fluence (photons per second)
up to hard X-rays (10's keV). This has allowed thesources to be the dominant tool for
crystallography, X-ray spectroscopy and many o#iteas of X-ray science for the last four decades.
Nevertheless these sources have low peak brightesgscially if a narrow spectral bandwidth or a
short pulse is selected. With advanced pulse glicthese sources can provide sub-picosecond
temporal resolution but only with tiny flux whichewerely limits the utility for measuring rapid
changes. Conventional lasers have advanced hugebcént years and can produce extremely short
pulses (=5 fs) at very high brightness but thepalsdities are limited to UV/visible/near IR range.

Free electron lasers have the potential to delweoss an exceptional spectral range (<10 meV to
multiple-keV) narrow bandwidth (~0.1% of photon emg radiation with very energetic (millijoule)
short pulses (~50 fs duration), and therefore ekmeplly bright (13 photons per 50 fs pulse) fully
coherent radiation. This is a vastly larger spécaage than covered by conventional lasers and the
pulses are typically a thousand times shorter ailtbns of times brighter than a storage ring can
provide. FELs are likely to have a revolutionaryauot on the science we do with light, potentially a
profound as the revolution created by the lasertb@dynchrotron.

We concentrate here on identifying and develophmasé scientific objectives for which a new UK
facility with unique capabilities would be the optl tool. This does not mean that some of these
objectives are not possible, at least in part,gustier international facilities (e.g. LCLS or XFEIL
would be unnecessarily limiting in planning a new light source facility to consider solely that
science that could not be done elsewhere. Neved$fiehe believe a facility with correctly chosen
capability can be developed that can undertakexaepéionally exciting programme ranging across
the sciences that contains a major component ettisgs that are unique or simply better done there
than anywhere else.

We put forward the following major themes for theestific impacts of NLS which we will then
develop in more detail in the next sections. Thelectively encompass a new capability for seeing
and controlling the nanoscopic motions of the atuestits of matter. We believe the science and
technology that will emerge will be revolutionary.

1.2 A. IMAGING NANOSCALE STRUCTURES

The high coherence and brightness of the FEL irstfieX-ray range will enable the exploitation of
new imaging methodologies: e.g., coherent diffactimaging and X-ray holography. The short
wavelength limit of the FEL fundamental is antidg@h to be below 1 nm so covering the “water
window” ( ~4.36 — 2.38 nm) , which is the waveldnginge used to achieve penetration and contrast
in “live” biological samples. Radiation damage hycls high fluxes will be a serious consideration
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with living systems and flash imaging, cryo-presgion and other approaches are being considered.
Recent work at FLASH has shown that images candptuped before the deleterious events of
damage occur provided the pulse is short enoughbagtit enough but only one shot is possible.
Flash imaging has the potential for a new levelimflerstanding of sub-cellular and macromolecule
organisation within cells, and should complemerforimation gained by optical and electron
microscopy. Moreover for non-biological objects,cdase the fundamental is bright enough to
capture a full image in a single shot of <100 fsation the motion within nanoscale objects might be
followed either stroboscopically (using the ~10 kkHepetition rate of the pulses or two mutually
delayed pulses split from a common pulse) or ir@etitive measurement following a sequence of
identically prepared samples with increasing deléter the preparation step. The proposed NLS
wavelength range also covers the most importanedioy the study of complex condensed matter
systems, i.e. the transition metaledges, which access the physics of 3d valencerahbsc and
oxygenK edge for the physics of 2p shells. The New Ligbtir8e would be ideally used to image
complex electronic, magnetic and orbital structubegth statically and dynamically, down to 1-nm
resolution. A key application will be to make staioh images of fluctuating magnetic, orbitally-
ordered and electronic domains, polaronic statesexen single Cooper pairs. Secondly, evolving
structures around individual charge or spin casrier functioning devices could be studied on an
ultra-fast timescale.

This theme is anticipated to have high impact m fibllowing areadife sciences, medicine, nano-
technology.

It requires a machine optimised for soft-X rays;luding the water window. The use of higher

harmonics in the near 5keV region would allow inmggof the distribution of specific atoms at the

nanoscale. A time structure allowing stroboscomading with as little as 0.1ms intervals between
the pulses is likely to prove exceptionally useflihis would also permit a fast scanning imaging
capability or making of repetitive measurementsud@ulse spacing is optimal for getting the best
from sample handling and detector technology. Ahivee with these capabilities is optimal for this

scientific application.

1.2 B. CAPTURING FLUCTUATING AND RAPIDLY EVOLVING S YSTEMS

Many material systems have intrinsically fast fliations of their nanoscopic structure. For example
in liquids, glasses, magnetic materials at momantsnd a phase change all show rapid fluctuations
in structure and changes in the correlation betwesghbouring particles. It is known that these can
be followed over longer timescales using X-ray &geand time-resolved X-ray speckle techniques.
A FEL with a short wavelength reach from 1-7 kekc{uding harmonics) and ultra-fast bright pulses
will allow such changes to be tracked at unprecedenimescales potentially leading to
breakthroughs of our understanding of condensedeman bulk or in nanoscale systems. Likewise
use of X-ray Thompson scattering is the ideal ne:tiwoexplore the properties of dense plasmas as
they approach the strongly coupled condition whschf enormous importance to our understanding
of warm dense matter that occurs in many situati@g. giant planet interiors, solid systems
evolving rapidly into the plasma state, laser fagasmas).

This theme is anticipated to have high impact enftllowing area:manotechnology, ultra-fast solid
state and magnetic devices, energy from fusion.

A wide spectral range and high transverse coherareessential source requirements. A set of many
repeated measurements is often required to obtamad /N so optimised pulse stability must be
sought. High spectral resolution for Thomson scatteneasure the ion acoustic feature is required.
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1.2 C. STRUCTURAL DYNAMICS UNDERLYING PHYSICAL AND CHEMICAL
CHANGES

Understanding the mechanism of physical, chemicdll@aological change at the microscopic scale is
critical for a broad range of science and technplédgcommon goal is to develop this understanding
to the point where it becomes possible to tailancfionality through material design, or by the
application of electric, magnetic or optical field@@hemical and physical changes involve the coupled
flow of both charge and energy within the systene ¢ electronic and nuclear motions. These
processes may be triggered by e.g. the thermaU#tions in the surrounding environment or by the
absorption of light by a chromophore. Such procgsaad the various processes which precede or
compete with them, typically occur on the timesaalauclear motion which is in the femtosecond
regime. We anticipate a step function in our apitih directly monitor structural dynamics at the
molecular level through the availability of femtosed light pulses with X-ray wavelengths. The
NLS will greatly extend the range of techniquesoaa use to both initiate and probe these processes.
By use of visible/UV or IR/THz light of short pulsiiration we can trigger these events ourselves (a
sort of ultra-fast “Bunsen burner”). Having triggdr these events we can then follow them
structurally using e.g. X-ray absorption techniq@$AS) or spectroscopically in the IR/visible. A
combination of a tuneable soft-X-ray FEL synchrediso a IR/THz FEL will enable the structural
changes to be followed in a vast range of physindl chemical processes. This will revolutionize our
understanding of mechanisms in, for example, smuphase chemistry in enzyme and surface
catalysis and DNA photo-induced radiation damagevatiant of this method that would use a
moderate energy electron beam to initiate “charigehon-photosensitive molecular samples and
materials (photolysis) can be readily combined with soft X-ray probe capability, Moreover the
moderate energy electrons may prove of greatytilita structural probe of laser or FEL induced
changes in a new regime of relativistic electrdfralttion.

It is expected that this theme will have a revolodry impact uponmaterials technology,
biochemistry, drug discovery, cancer/health, catalis, sustainable use of resources.

A source providing tuneable high brightness softa}(-to allow XAS acros¥K andL edges of a
majority of elements is essential as XAS is thenpry tool for capturing the structural informatiax.
high rep-rate is important to enable all measurésneith good S/N and is essential to permit PES
free from distortions. High spectral resolutionaiso very important in PES. To achieve the best
temporal resolution in pump-probe measurementsnamm jitter between lasers/electron beams and
the FEL is needed.

1.2 D. ULTRA-FAST DYNAMICS IN MULTI-ELECTRON SYSTEM S

Recent work using existing laser based HHG (higimioaic generation) methods has established the
possibility to probe directly the ultra-fast elextrdynamics in atoms and small molecules. Extension
to more complex systems requires the wider spectiéimphoton energies and far higher fluxes
available from a FEL source. Examples of the sbthiog that is only now becoming possible are the
measurement of hole dynamics in molecules and cmedematter (expected to happen i@ 10
7's), direct measurements of electron dynamics amipihg in plasmons (of increasing interest to
frontier technological applications of nanoplasneshi and observing the photoelectric effect from
multi-electron states in real time. There is thevngotential for measuring ultra-fast electron
dynamics through the non-linear response whichlg possible if high brightness sub-fs pulses are
available. Understanding ultra-fast electron dymamiie at the heart of material response to
electromagnetic fields and so the outcomes may teadbetter understanding of the interaction of
large molecules with light and to new generatiohspgical and electro-optical devices and ultrafast
semiconductor and nanofabricated components.

This will have a high impact on areas suchrasotechnology, quantum control, advanced
materials, light harvesting.
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The research needs appropriate ultra-fast conveltiasers and pulse slicing for high brightness
sub-fs pulses for X-ray pump- X-ray probe; phasddlog to an external IR laser for correlated
electron studies is also required.

1.3 MAPPING TO SOCIETAL DEMANDS

There is a strong recognition that science andni@olgy must rise to a number of pressing current
societal challenges related, for example, to emwirental sustainability, energy supply, healthcare
and advanced information technology. NLS, althodgkien by the needs of the new basic science
outlined above, is extremely well suited to makejam&ontributions to all these challenges by

providing fundamental understanding of matter amdcg@sses that will lead directly to radical

improvements through design and verification ofi &xample, better materials, molecules and
catalysts.

This connection between new basic science and u&isable energy agenda was eloquently
expressed in the 2007 Basic Energy Sciences Ripdite Department of Energy in the USA which
was prepared by a team of eminent scientists. Thpjured the contribution that science must make
to the long term Energy agenda in terms of fivendrehallenges:

How do we control material processes at the leviedlectrons?

How do we design and perfect atom- and energy-&#fit synthesis of revolutionary new forms of
matter with tailored properties?

How do remarkable properties of matter emerge fraomplex correlations of the atomic or

electronic constituents and how can we control thgsroperties?

How can we master energy and information on the macale to create new technologies with
capabilities rivalling those of living things?

How do we characterize and control matter away—esplly very far away —from equilibrium?

The new science enabled by NLS maps excellentiiydse challenges.

Likewise the high brightness soft X-ray and THziatidn will enable potentially revolutionary new
imaging methodologies that will permit e.g. livieglls to be imaged at close to the nm resolution
limit, and human tissue to be imaging that yielégsvnmedical detail. This will potentially have a
major impact upon medical research and healthcare.

1.4. FACILITY CAPABILITIES
1.4.1 RELATIONSHIP TO OTHER FACILITIES

It is fully part of the UK strategy to use the atlisting machines (a number of longer wavelength
FELS such as FELIX and the FLASH VUV FEL), sevenald X-ray FELS in construction (e.g.
LCLS, Stanford operational summer 2009; SCSS, §®imperational 2011; and XFEL, Hamburg
operational 2014) and a number of other projectthénplanning stage. The UK has strong links to
FELIX, FLASH, XFEL and LCLS and these facilitiesncaatisfy a significant range of national
scientific objectives in this area. In particula€ILS and XFEL provide high brightness hard X-rays
that may enable the exciting possibility of singlelecule atomic scale diffractive imaging that will
reveal the detailed structure of macromoleculesaménable to crystallization. LCLS will be the
earliest machine to come on line, as it is expigitin already existing LINAC, and it is in this text
that as part of an overall strategy STFC has coradhiunds for a partnership with LCLS which is
intended to enable UK users to gain access as aar009. On a longer time-scale, XFEL (which
will use superconducting accelerator technologyl), mwovide access to far higher repetition ratecha
X-rays and STFC is also committed to supporting phbject, with UK in-kind contributions already
at an advanced planning sta§&FC’s Photon Science Research Institute has loesredl to promote
activity with these international partners and twtare the UK community in this fieldExciting as
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hard X-ray science is, there are many other commgedicientific directions available for which a sof
X-ray optimised facility is ideal. It is our posin that this is the scientific area where NLS stoul
concentrate and this will allow many original s¢ién opportunities. If that soft X-ray facility ttaa
two-colour capability for pump-probe studies, pb#gies of high temporal coherence and very short
pulses, then the machine will be unique and optiimatackling a wide range of new science which
we discuss in detail below.

1.4.2 UNIQUE CAPABILITIES FOR NLS

We concentrate on identifying and developing thssientific objectives for which a new facility,
with unique capabilities going beyond the existargay of international facilities, would be able to
tackle. In particular two colour capability with lRHz and visible sources tightly synchronised to a
soft X-ray tuneable FEL (reaching up to >7 keVta 8" harmonic) will be a powerful combination
not well matched by any existing source. The spécioverage of this tuneable X-ray source will
access all th& edges of the elements up to iron pluslthedges of the majority of atoms, this will
permit dynamic structure determination for a vastige of solids, liquids and molecules. Moreover
femtosecond time resolved X-ray diffraction for mtgcale determination will be permitted at the
highest photon energies still at a flux (<*hoton/s) far higher than storage ring pulserstjci

A further combination of capabilities that are exoenally important to achieve a unique programme
includes seeding (with HHG) and pulse slicing. Botquire synchronised external lasers and with
present technology this puts constraints on the tgmucture of the machine. LCLS will have a
relatively low repetition rate (120 Hz) and althbugeeding and slicing can be implemented, this low
rate precludes or makes very difficult a significasinge of experiments. XFEL will have a 10 Hz
repetition rate of macro-pulses each containingoup000 pulses at a temporal separation of 200 ns.
This makes it very hard to seed or slice the machinthe full repetition rate. In contrast a 1 kHz-
10 kHz machine with even pulse spacing will beroplly suited to seeding and slicing and so will be
ideal for application where temporal coherenceqttigynchronisation to external lasers and sub-fs
pulses are essential.
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2 KEY SCIENCE DRIVERS

The choice of the four themes for the science dsiveround which the case is organised is an
effective way to explain the unigueness of thersme Although the themes form an overlapping set
they conveniently encompass almost all of the ingamew science accessible to NLS.

Imaging of nanoscale structure with X-rays, whilst an entirely new direction, will benefit hugely
from the high coherence, brightness, repetitioe eatd short pulses of free electron lasers. Whilst
hard X-ray single molecule imaging awaits the hXrday FEL machines for proof of principle
experiments, there are already some very posiéselts supporting the concept of intense soft X6ray
applied to imaging nanoscale objects. Nature isdiibystems with a structure that rapidly evolves
and/ or fluctuates, e.g. condensed matter systéae to a phase change, liquids and dense plasmas.
Hitherto it has not been possible to capture tlosee all the important timescales. A new light s@ur
will provide a profound insight into this aspectroftter. Directed change, e.g. chemical reactions o
triggered phase changes, which involve dynamicatgiral changes over all possible timescales are
another area of great importance. A unique capgloli two or more synchronized and tuneable
colours across the entire THz to soft X-ray rangk enable the structural dynamics to be fully
elucidated for the first time in a multitude of gigal, chemical and biochemical systems. Finally
electron dynamics require soft X-ray pulses of grhtosecond timescale and so up to now have only
been directly measured in a tiny set of systemso#bination of FEL and laser based sources will
extend our understanding of the fundamentals ofeleetron dynamics across the whole range of
complex matter.

2.1 IMAGING NANOSCALE STRUCTURES

‘Imaging is fundamental in all biological and biodngal research and the essence of cell biology’
[1]. X-ray crystallography can give us the atorstcuctures of macromolecules. Electron microscopy
has been a most important tool for imaging at the-cellular level and at the molecular level but
demands thin specimens (< @& thick). In optical microscopy, tracking the locat and
interactions of proteins inside cells using gemdlyc encodable fluorescent proteins has been
enormously successful but does not image the slagke macromolecular complexes, putpoints

the source of fluorescence. Soft X-ray microscopgthods using Fresnel zone plate lenses as
objectives are now delivering images to ~20 nmltggm. Such methods are starting to be applied
to monitor dynamic events in cells. Because of ithportance of visualisation in biology, new
imaging methods raise great interest. The pogsilwfi using X-ray imaging to achieve resolutions of
the order of 1-2 nm raises exciting possibilitiesew combined with other imaging technologies. In
order to achieve a resolution approaching 1 nnmjhath natural and fabricated nano-objects and cells
and sub-cellular structures can be resolved, ngleold wavelengths (soft X-ray light). For biolodica
specimens it is advantageous to work within the t&vavindow” (4.36 to 2.28 nm) between the
absorption edges of oxygen (543 eV) and carbon é€X84to get both high penetration through the
aqueous matter and contrast against water for mrgaympounds of biological interest. A high
brightness, short pulsed, soft X-ray source canenaakignificant impact in imaging biological obgect
and for non-biological objects can image objectd tire changing in time by taking a sufficiently
short “snap shot” or series of “snap shots”.

2.1.1 Imaging at cellular and sub-cellular scale

Recent progress, made with the existing free eladaser (FLASH) at DESY (Figure 1), has laid the
basis for these new imaging technologies in theedidiences. Here a living cell has been imaged by
soft X-ray flash coherent diffraction imaging. Thesolution is limited by the wavelength of the
radiation of FLASH (13.5 nm). Shorter wavelengthsidd allow large macromolecular structures to
be resolved. Understanding the relationship betweanromolecular structure and function at the
cellular level requires understanding macromolecelamplexes, their assembly as a function of
cellular activity, and their regulation. This infoation is key to developing our understanding of
fundamental cellular processes that are criticaléwelopment growth, homeostasis and disease.
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Flash imaging of cells by soft X-ray diffraction aging should provide resolutions that will allow

assemblies of macromolecules and their locatioh r@spect to cellular processes to be identifiet an
should give complementary information to the ottemhnologies. Outlined here are a selection of
molecular assemblies and cellular processes tleattathe focus of research council/major charity
priorities of research into ageing, disease, immywemd therapy.

Live unmodified picoplankton
FLASH, Hamburg March 2007

30

Image reconstructed using Shrinkwrap
(Sebastien Boutet, Uppsala, SLAC, LLNL)

60+

Resolution length (nm)

Scattering intensity

60+

1 micron

30-

Single shot ~10 fs diffraction
pattern recorded at a wavelength
of 13.5 nm of a picoplankton
organism.

This cell was injected into vacuum
from solution, and shot through

the beam at 200 m/s Stained, i ostr
TEM image
(Wenche Eikrem and Jahn Throndsen, University of Oslo)

From Janos Hajdu (Uppsala)

Figure 1. (left) Single shot ~10 fs diffraction fgah recorded at a wavelength of 13.5 nm of a g&olgton organism. This cell was
injected into vacuum from solution, and shot thiotige beam at 200 m/s. (right) Image reconstructgidg Shrinkwrap algorithm.

(a) The mitotic spindle. The mechanisms of celision by which a cell duplicates its chromosomes
and then distributes these to two identical daugtetts have been informed by a combination of cell
biology and biochemistry with structural informatiofrom protein crystallography, electron
microscopy and optical microscopy. But profounesfions of the molecular organisation remain.
The mitotic spindle is at the heart of this orgatian. In animal cells the centrosomes (an assembly
of two orthogonal centrioles composed of at leasir fdifferent proteins) extend microtubule
filaments that end in attachment to the kinetochden assembly of >45 proteins) located at the
centromeres of the chromosomes. Cell division doastake place until each chromosome is
attached via the microtubules to the two opposilegpof the mitotic spindle. It is possible toestr
cells at different stages of cell division. Imagimt these different stages should allow the
composition and structure of each of the complégdse studied, allowing insight into assembly and
disassembly processes.

(b) The nuclear envelope of all eukaryotes is patéa by large multi-protein complexes known as

nuclear pore complexes (NPC). They form aqueoasmdis that are the gateways for all molecular
traffic between the nucleus and the cytoplasm. irTteeent structural elucidation has relied on a

number of synergistic imaging and reconstructiahmégues. The central pore is believed to be able
to change in size from 10 to 26 nm. The traffiotlgh the NPC is highly regulated and specific, yet

very efficient, with hundreds of translocation egeper second. How NPCs mediate this massive
macromolecular flux is debated. A clear pictureh® molecular organisation and dynamics of the

NPC is one of the basic requirements that is Istiking to resolve the transport mechanism. Snap
shot imaging of these large assemblies as thegsatitansporters using coherent X-ray sources may
allow us to understand how and to what extent asgements of the NPC can modify its transport

properties, as this could provide the cell with mmportant mechanism to respond to new

physiological requirements.

10
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(c) The active movement of the kinesin moleculatarosupports several cellular functions including
mitosis, meiosis and transport of cargo such asalxtransport. A large body of structural,
biochemical and biophysical evidence shows thategim1 has just one binding site per tubulin
dimer, and that the motor takes 8-nm steps fromtobelin dimer to the adjacent one in a direction
parallel to the protofilaments. Since the isolateator domain of Kinesin-1 can hydrolyze up to 100
ATP molecules per second, it is likely that ea@pstorresponds to one cycle of the ATPase reaction.
The step size is 8 nm, corresponding to the axsdhoce between microtubule heterodimer subunits,
and is independent of ATP concentration and lode: fhechanical substeps should be amenable to
direct imaging techniques available at a new lgghtrce.

How is such imaging to be achieved? A FEL sourcaldvtave the capability to enable significant
advances in single shot imaging due to the excealip high peak brightness and ultra-short pulse
duration of the soft X-rays. CDI (coherent diffract imaging) relies on collecting a diffraction
pattern in a single shot on the assumption thatatmtion damage will modify or destroy the sample
but that the diffraction pattern can be recordedfeethese events occur. Phases can be retriewed fr
the over-sampled diffraction pattern and henceirtitege reconstructed. The theoretical calculations
in 2000 [2] showed that this should be possible laanek had a profound influence on the field. CDI
is already practical with the coherence availablemf present-day "8 generation sources of
Synchrotron Radiation for imaging of the structwfenanoparticles and imaging the strain fields
within [3, 4]. Experimental verification of cohetteftash-diffraction imaging has been achieved [5]
and this work has been followed by time resolvedcstral studies with femtosecond time-delay
X-ray holography [6]. Significantly it was showratithe photons are scattered before the shock wave
of damage is propagated through the specimen, ialipimage formation from the diffraction pattern.

In recent theoretical work [7], Bergh et al. havalgtsed the interactions of an intense X-ray pulse
with a living cell, using a non-equilibrium popdtat kinetics plasma code in which radiation transfe
as a function of pulse length, wavelength and fenncorporated, to model radiation damage and
hydrodynamic expansion. The results (Figure 2wsthat resolutions approaching 1 nm could be
reached on micron sized living cells in diffractibmited geometries at different wavelengths.
Interestingly the shortest wavelengths or the tsgh@ensities do not give the highest resolution o
non-reproducible biological objects where averaggngot possible. These calculations suggestahat
highly coherent source of soft X-ray wavelength {6§0 eV) with 10-20 fs pulses with fluxes of the
order of 1810 photons pepm? could deliver the capabilities for these new imaginethods. A
key requirement that is not yet fully solved wik lbo obtain 3D information in order to resolve
complexes within the crowded environment of thé &dme 3D information may be obtained from a
single diffraction pattern by numerically propagatithe complex-valued wave front [7]. The
possibility to split the single intense pulse tdadb three simultaneous projections of a samplen fao
single radiation pulse has been proposed that wallidv some degree of tomographic imaging
(Schmidt, KE et al. Submitted). A further cruciéés in following cellular function in real time Wil

be in developing capabilities to trigger eventspecimens and then record images from a number of
identically prepared specimens in a series of steps. Combination of these methods with those of
light microscopy will provide new insights into téar organisation.

11
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Figure 2. Expected resolution for a micron-sizethly cell as a function of pulse parameters (wawglles, pulse length,
integrated intensity). (a): Achievable resolutianafunction of pulse length at different wavelbeagThese curves are cut
at the diffraction limited resolution for soft Xy (b): Number of photons pam that would be needed in the pulse to

achieve a selected resolution in (a). ReferenceBeéfgh et al.

Contrast agents can be employed, but there arentad)es of using pure phase contrast for biological
material. A key feature will be to develop specifibelling methods (e.g. [8]) so that individual
proteins can be tagged, as has been developetestwvaly for light microscopy. In cryo-EM similar
approaches to proteomics are being developed [9, 10

There are several strategies for presentatiomefsample in the beam that include mounting on a
support film, injection by mechanisms similar t@sk used in mass spectrometry and the ‘serial
crystallography’ method of creating a stream ofptits flying through the X-ray beam, which may
be ordered by external forces to provide a senstatiyjne view [11]. With a single shot only a 2D
view of the sample is available. If the assembdiesidentical (e.g. viruses) many images for aiwa
may be collected and merged to form a single 3Dgand he “dose-fractionation” theorem [12]
indicates that the allowed dose can be spread owdiiple views to gain 3D information with the
same dose as needed in 2D. However this is onlicapfe for assemblies that are identical. For
structures which are not identical from particleprticle, such as living cells, and where radratio
damage permits only a single shot, other stratawesl to be developed for a 3D image as described
above.

2.1.2 Imaging of nanoscale systems for science aeghnology

The methods just outlined for biological imagingrrgastraight over to imaging non-biological
condensed matter systems. One of the key challangésay scattering/spectroscopy in condensed
matter is to be able to determine the structuredymaémics oindividual objectson nanometre scale.
Typical questions to be answered are:

- How do bond lengths, coordination, electronic aranetic structure vary between core and
shell in a particular nanoparticle?

- Can we see an individual Cooper pairs or polarstates in general and image the texture of
lattice distortions, orbital and spin structureasd! as the electronic properties.

- Can we image charge or spin carriers within indigidelectronic devices as they function at
the nanoscale.

Continuous and quasi-continuous beams cannot ke fosescattering from isolated objects. Over-

illumination, necessary to collect sufficient numlm# scattered photons, results in damage. The
concept of Flash Imaging with FEL's, where a singlerashort scattering pulse captures the stractur

of an isolated object before this is destroyedf igreat interest for this set of problems.
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Hard condensed matter is more radiation-resistaant biological matter, while heavier constituent
atoms imply longer times for the structure to bstidsed (phonon frequencies and speeds of sound
are lower). With the same *“inertial confinement’ncept, one could not only measure atomic
structures, but also electronic and magnetic pt@seof isolated objects. This would require soft
X-ray probes, which have the advantage of stroegattering cross sections.

2.1.3 THz studies of living tissue and THz signates for disease

The availability of bright coherent THz radiatiolorgside the soft X-rays is likely to provide a
number of important additional science opportusiiigee below for the pump-probe science). Here
near field imaging techniques are looking promisawieving resolution better thaWl100 and so
despite the long wavelength of the radiation it rb&ypossible to obtain spatial resolutions in the
100’s of nanometre range. Direct use of THz radiatior imaging has already been developed
towards commercial scanners for medical applicatiblwever the basic science behind the contrast
mechanism that provides useful medical informaigonot yet understood. Very bright THz radiation
will permit essential quantitative studies to berie@ out to establish a proper basis for the use o
THz radiation in medical imaging.

There is a pressing need for fundamental work tabéish the chemical origin of the THz fingerprint

in intra-operative THz imaging of cancer patients,order to establish the relevant protocols e.g.
range of frequencies for use in applications suglsentinel node mapping during cancer surgery.
Although skin cancer is the obvious immediate aggpion of THz technology it also has potential for
diagnosis of other diseases by recording signafgyiendoscopic techniques. Commercial companies
(Teraview) are already marketing instruments tlaat lse used to diagnose skin cancers. However the
current power levels available with laboratory s@$rdo not make it possible to determine the origin
of the contrast mechanism in these applications.

2.2 CAPTURING FLUCTUATING AND RAPIDLY EVOLVING SYST EMS

Many natural systems undergo intrinsic rapid stradtevolution and fluctuations in the constituent
parts, either at the atomic scale or larger saalgsof magnetic zones or grains. This is obviobsmw
we considered matter in the liquid state where &static structure must be anticipated, but extends
also to situations as diverse as domain fluctuatioincorrelated electronic materials, dynamics in
glass transitions and in high density plasmas. Aetyaof scattering techniques e.g. XPCS (X-ray
photon correlation spectroscopy) and X-ray Thomscattering are available. To capture the full
fluctuation spectrum or to measure the propertiesa aapidly evolving system requires high
brightness, short pulses so the full scatteringrimation can be gained in a single instant. NLS wil
have the temporal structure and wavelength rangek@V) high coherence and brightness ideal for
these studies in many different systems, accomgdnyesynchronisation to other external sources
(e.g. high magnetic fields).

2.2.1 Fluctuating nanosystems

A variety of related soft X-ray scattering techrequi.e. coherent speckle patterns/photon
correlation/holography can be used to provide mémion on the spatial fluctuations of the structure
within nano-particlesAt present photon correlation techniques can aceess slow dynamics. In
principle, with short pulses and fast repetitiotesaone can access faster and faster dynamicser€urr
X-ray photon correlation (XPCS) measurements sufi@m difficulties with beam coherence, but
nonetheless provide access to dynamics on the daleedrom ps to 10’'s of ks. The X-ray
wavelengths provide access to dynamics at non-zenmentum transfer values, and with tunable
sources, element specific information. A pulseda)(-laser would enhance coherence significantly.
Methods for ultrafast XPCS have been proposedgidta pulse and introduce a delay to allow very
short time scales (potentially as to ps timescaieshe measured. With this, dynamics could be
measured in the same setup over the entire rangene$cales (ps — ks). This would allow us to
investigate the links between small atomic fludtuad and larger molecular motions in e.g. proteins
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and polymer chains, something which to date cay baldone by considering different time regimes
in isolation. With a tunable x-ray laser this abbk done for different elements (the soft x-ragime
covers the most interesting elements). With sormkwn X-ray optic elements, polarization analysis
could also be introduced to enhance magnetizabotrast.

The dream would be to be able to study ultrafastchimg at the picosecond scale. Ideally, one
would like to reconstruct thantermediate scattering functiprbut photon correlation loose phase
information betweert andt+4t. This problem has been addressed by the so-chéegtodyne
mixing technique, in which the undisturbed beam is used agference to reconstruct phase
information.

Other methods for exploiting the coherence of thanb include photon echo, which would also allow
access to very short time scales, and probe baoterdand internal dynamics, and more crucially,
perhaps, their interactions. If appropriate purope be designed, normally weak features can be
boosted, such as orbital ordering in manganites.

2.2.2 States of high density plasma

A diffuse plasma, like a gas, will display only vieeorrelation in the positions of the constituent
charged particles (electrons and ions). At highsdgnapproaching that of solids, the ions can
become partially or fully ordered due to the str@wulombic interaction. Whilst the solid extreme is
relatively well understood the partially correlatstate, often referred to as warm dense matter,
remain a great challenge to theoretical descripfldns state is especially important as it is traeed

by all plasmas created initially from heating sslie.g. laser or X-ray produced plasmas) and
moreover is a common constituent of astrophysitgéats. Understanding the basic properties of
WDM is of key relevance to Inertial Confinement Feusresearch, and thus has direct links with the
energy agenda. This is potentially strategicatipartant for the UK, given, for example, that wade
the HIPER project

Warm dense matter (WDM) is thus an intriguing aadyély unexplored state of matter that can be
roughly described as midway between condensed lsinp states (see figure 3). Matter in this
regime is ‘strongly-coupled’, that is to say theul@mmb energies are comparable to the thermal
energies. This makes WDM notoriously difficulttwodel, as the thermal component of the energy
cannot be looked upon as a perturbation to the-attamic forces (as in a solid), or vice versai(es

low density gas or plasma). As a result accuratatans of state (EOS) — the relationship of dgnsit
temperature, pressure, and energy density for yséerm of interest — which normally permit
prediction of the state of a system and its evoiytare largely unknown in this region (for example
at solid densities and temperatures of a few eversé credible theories differ by up to a factor of
two in their prediction of pressure).
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Figure 3. A density — temperature plot shows tlfifedint regimes pertinent to high energy densittenaCondensed matter (CM) lies at
the bottom centre (low temperature, solid densit#ilst hot dense plasmas (HDM) are at the topl{itemperature, range of density). The
region of greatest challenge to understanding aspia physics, warm dense matter (WDM), lies at Hegisity and relatively low
temperature

The most powerful probe of plasma state, includfegtron and ion temperature, electron density,
velocity distribution and collisional damping ratesme from light scattering (Thomson scattering).
Examination of the optical scattered spectrum leehnta powerful tool for diagnosis of lower density
plasmas. As the density increases towards thasofid, however, the plasma becomes opaque in the
optical domain and the plasma will only be transpaiin the X-ray range. Thus X-ray Thomson
scattering is required to examine the detailecesthta high density plasma. For this a short pulse
(sub-ps) of very bright X-rays are essential totgegpthe often very rapidly evolving plasma. A soft
X-ray FEL is ideally suited for this purpose. Moveo the high longitudinal coherence of the beam
will permit X-ray interferometry, phase contrastdaholographic imaging measurements of fast
evolving dense plasmas. This will contribute ndtydo our knowledge of the EOS in WDM but also
allow the direct study of shocks, instabilitieg,figmation and turbulence.

Furthermore it has also been problematic in the fgagroduce WDM uniformly (i.e. with minimal
gradients in temperature and density) in the laboya The soft X-rays have the potential to
overcome these problems owing to the relativelyglabsorption length of the radiation compared
with visible light — indeed it is important to notieat WDM will inevitably be produced in many' 4
generation light source experiments - the radialoso intense that its interaction with solid reatt
will (unless undertaken at grazing angles of inet® automatically produce WDM. For this reason
alone WDM research will be an integral part of aeyv light source project, including the NLS. This
‘automatic’ WDM production will be isochoric, witenergy initially deposited in the electrons, with
subsequent thermalization via electron-ion couptingpicosecond time-scales.

Spectroscopy of plasmas on NLS, whether in the peturbing or perturbing mode, will be a key
diagnostic of plasma parameters. Unique possdslitvill exist which will both extend and
complement the efforts on strongly coupled plasmatiined above. In the non-perturbing mode
(where we observe the WDM produced by the X-raynb&aadiating a solid, foam, or gas-phase
target), the emission line intensity, position ahdpe of NLS-produced plasmas may be effected by
strong coupling. Secondly, an intense X-ray sowvdleact as a unique perturbing-pump for laser-
produce plasmas which will test our understandingeweral basic features of the radiative propertie
of strongly-coupled plasmas; for example, the ciypas model the full kinetics of even the simplest
systems (i.e bare, hydrogenic, and helium-like JiorSuch experiments are impossible with current
laser-plasma based soft X-ray lasers, as they tdane sufficient intensity for the pump rate to
greatly exceed the spontaneous emission rates.orfamtly, a monochromated intense soft X-ray
source will be sufficiently narrow-band to pump huit the line-width of a Stark-broadened bound-
bound profile. Subsequent observation of the limgpe of the emitted radiation will test the normal
assumption of complete frequency re-distributiothimi the line. This assumption can be invalidated
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by ion-field fluctuations and inelastic collisionend measuring the detailed redistribution of
population after pumping can therefore provide ieduaformation on the rate of the relevant plasma
processes.

2.3. STRUCTURAL DYNAMICS UNDERLYING PHYSICAL AND CH EMICAL CHANGE

Ultra-fast events in nature are often accompanyeedually fast structural and electronic changes. T
understand the mechanism behind, e.g. chemicaioaacultra-fast magnetization, phonon triggered
changes in electronic structure, photon inducedgs®es in solids and at surfaces, we need to be abl
to measure these changes in real time. This regjuis to make measurements in the 10 ps to 10 fs
range in order to capture all the timescales ofiencassociated with changes in any complex matter
system. To succeed in this new endeavour we nebd &ble to; (1) trigger the event of interest, (2)
follow it with a probe sensitive to structural agléctronic change. For most problems the dominant
interest is in local changes around the activeasiie here soft X-ray methods (e.g. X-ray absorption
and emission spectroscopy, and X-ray photoemisgiomjide an ideal tool. The trigger can be made
via a variety of means e.g. controlled “thermal” cieation of lattice/vibrational modes,
photoexcitation of electronic states with a resorlager, and electron beam excitation of system
(radiolysis). Of critical import is that the pumevent trigger) and probe pulses are sufficientlyl we
synchronized to permit temporal resolution approagihe 10 fs limit. It is essential that any new
light source will provide an array of pump-probeahilities that will collectively resolve the ultra
fast structure and dynamics in a wide range ofgs®es.

2.3.1 THz-visible pump — X-ray probe of condensedhase systems

We consider first the measurement of ultrafastcstiral dynamics and photo-control in complex

matter. The use of light to control the macroscqpaperties of solids [13] has recently emerged as

new approach to investigate the underlying ordemmmnciples of condensed matter (e.g. by

measuring elementary interactions between varidasostopic degrees of freedom) and develop new
means of controlling the functionality of solids @me ultrafast timescale. Applications are many,
from optical switching at Thbit rates to magnetiaatcontrol on the ultrafast timescale.

How do many degrees of freedom synchronize dyndiyi¢a bring about an ultrafast phase
transition? How can we control this behaviour? Wirg highly-correlated electron systems soft
against photo-excitation? What other forms of irspud stimulation could be used? Is it possible to
photo-initiate new interesting functionalities? Cese photo-induce superconductivity? All these
guestions are extremely difficult to tackle themadty, since they involve highly non-equilibrium
dynamical states, for which our understanding @nelvasic statistical mechanics is very limited.

Excite-probe geometries, involving visible or THZ4] “pump” events, and X-ray pulses that
interrogate atomic [15,16,17] and electronic sutetalong its stimulated, dynamic pathway should
be used. One would wish to use femtosecond or ewmmsecond X-ray probes to capture the
microscopic properties of matter along ultrafasotpkcontrolled pathways. Among the probe
methods we will employ are XPS/ARPES and XAS.

A powerful X-ray probe technique, available fronseeded FEL, is inelastic x-ray scattering (IXS)
which probes the dynamics of condensed matterregsie the energy domain. A photon-in — photon-
out technique, it offers a momentum-resolved, adksitive probe of excitations from 1 meV up to
10’s of eV and with momentum transfers from 0;:1t4 10 AL, In particular, it suffers from none of
the limitations of ARPES, which is restricted inpipation to cleave-able conductors. Furthermore,
IXS has a very clean, well-understood cross-sec#trihe best synchrotron sources today, the flux
on the sample is 3 x {Vphotons $in a band pass of 6 meV. This is sufficient to rneagphonons,
which have relatively large cross-sections, buh@&lequate for measuring any electronic excitations
(at these resolutions). This is extremely unfortanaince many of the most interesting questions in
condensed matter revolve around understandingretgctresponse functions on these energy and
momentum scales, and could in principle be adddes&é this powerful technique.
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A transform-limited, seeded FEL offers a tremendgais for this field. Here, the energy band pass is
inversely related to the pulse duration. For a fs0fulse, it is ~10 meV. This would be sufficieot f
many experiments and would eliminate the need fgr apstream optics. Time-averaged fluxes in
excess of 189 photons § are to be expected at such sources, which woulgsept a gain dfive
orders of magnitudeover existing instruments. This would transform thgplicability of the
technigue and would have enormous scientific impact

Measurements of electronic excitations with thesel lof resolutions (few meV, pulse lengths of

>100 fs) would be transformative. Examples of etmins that one cannot currently study include
electronic gaps (e.g. superconducting gaps, chdegsity-wave gaps), collective excitations (so-
called “orbitons”, particle-hole excitations, “hol’) and more exotic excitations (the pseudogap in
high-Tc, new modes predicted for broken gauge syimiesan high-Tc’s [18]).

To take one example, measurements of the superciimgligap are in principle possible with this
technique. However, at SPring-8 today, calculate$szsections [19] translate into count rates of
10°-10” cps — well below the observable threshold. Ateded FEL, these same experiments would
have count rates of 1A0° cps, and become feasible for the first time. Highepetition rates
(superconducting) sources would raise the coustbptwo-to-three orders of magnitude.

Similarly, the pseudogap in high-Tc’s remains ohéhe great mysteries of these materials, with the
general belief that it is an electronic continuufrsome kind. IXS measurements at an FEL could
probe the energy and momentum dependence of thinaam and reveal a great deal about its
nature. Other fruitful areas of inelastic scattgrstudy would include non-equilibrium dynamics,
possibly interrogating transient intermediates efstem driven by external stimulation.

2.3.2 THz-visible/UV pump — X-ray probe of chemicaprocesses

NLS will provide an exceptional capability to trigggchemical reactions using synchronised THz-
visible/UV pump fields and tunable soft-X-ray proebiof geometry and electronic character. The use
of soft X-ray techniques for structural and elecicointerrogation of matter in all phases is well
established with conventional synchrotron soureesl their extension to ultrafast timescales will
open entirely new windows into the realm of atomigtion, electronic structure rearrangements and
thereby chemical dynamics [20].

X-ray absorption spectroscopy (XAS) provides a pdwe@robe of both local geometry and oxidation
state of an atomic species within chemical systefasay emission spectroscopy (XES) and X-ray
photoelectron spectroscopy (XPS) also provide amapecific probe of electronic structure and site
geometry, and in general provide complementaryrim&tion to that of XAS techniques. A key

advantage of these techniques is that they aretstally incisive and so it is possible to probe a
specific species in the presence of a complicatetlne of chemical reagents, products and tramsitio
states. Combining XAS and XES can also deliver-spirctive information, and a key development
that will be enabled by a suitable X-ray sourcthatNLS will be correlated XAS-XES spectroscopy.

In XES the atomic sensitivity arises from the d@abf a core hole during the absorption procesks an
the fact that this core hole can only be filledvayence electrons in the proximity of the excitéoha
[21]. The final state of the X-ray emission procesa valence hole state similar to the final state
valence band photoemission but here the valence@héc structure is projected onto a specific atom
Another essential aspect of the spectroscopy tsthigapolarization of the incident radiation and th
direction of the emitted radiation allow directibrsensitivity, providing a direct measure of the
molecular orbital symmetry.

In XPS a core electron is ionized and the bindingrgy and photoelectron angular distribution
provides a direct measure of the local chemicatosunding. Time-resolved XPS is a particularly
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appealing extension to the study of isolated gaas@hmolecular systems where time-resolved
valence-shell photoelectron spectroscopy has emergi@ general tool for molecular processes [22].

The use of precisely synthesized optical fieldsth@ control of chemical [23] and even biological
[24] systems has emerged as a powerful applicaifolemtosecond laser technology. Despite the
advances made in this field over the past decaddate the precision with which these processes
have been controlled has been limited by the asailprobing techniques provided by conventional
lasers. The combination of optical lasers with X-rnarobing will therefore open many new
opportunities for advanced coherent control stiatedt is also anticipated that the availabiliy o
high intensity IR radiation will allow for conforrtianal selection and control of large molecular
systems, as well as the control of molecular oaigon and alignment of isolated gas phase molecules
leading to enhancement of the information contésubsequent X-ray structural probing.

A tuneable and scanable source of femtosecond sutses with high flux (>18 photon/s) in the
0.1-7 keV range is therefore a key requirementafmress to the X-ray absorption edges of a wide
range of chemically important elements (see pecitatile in figure 4 foK andL edge energies). The
use of EXAFS requires accesskeedges of atoms, dr-edges above 2 keV. While low lying edges
(at around 0.5 — 1.5 keV) are good probes of geaenanhd electronic structure of light molecular
species (for example at the surface of a catalyshs and XES above 2-5 keV also have the
advantage of being good probes of bulk materiathvihie high photon energy limit anticipated to
reach ~7.5 keV (e.g.™harmonic of a 1.5 keV FEL) time-resolved X-rayfiittion studies are also
likely to be of importance.
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Figure 4. Periodic table showing the energies ef kh(green) and L (yellow) edges of the elemengéscai see for instance that the K and
L edges of Fe can be accessed if the 5th harmeaiches above 7keV.

2.3.3 THz to visible vibrational spectroscopy — clmistry and the life sciences applications

When combined with X-ray techniques, vibrationaledposcopy provides an important
complementary probe of structural dynamics. Whilstfine structure detected in XAS/XES provides
geometrical information and is especially sensitivéheavy neighbouring atoms, infra-red (IR) and
Raman vibrational spectroscopy can identify fun@iogroups, light elements such as hydrogen, and,
in some cases, the local symmetry.

A major challenge across chemical science is toergtdnd molecular reorganisation in complex

environments in terms of both intra-molecular andimnment dynamics. The reorganisation of the
environment of a molecule influences processes dlyason perturbations and outer-sphere
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molecular co-ordination and often dictates traositstates, chemical outcomes, and product state
distributions. However, these problems are techgcddly challenging. Current laser technology
provides time-resolved IR capability [25], but wiimited spectral coverage — currently the region
below ~ 800 cril is inaccessible. Extension of the spectral coveragprovide a full temporally
resolved 4000 — 1 cmspectrum would allow e.g. the study of hinderetations or vibrational
structure of solvent molecules which influence satvreorganisation dynamics in liquids, the direct
probing of metal-carbon and metal-metal atom matiorsurface science problems, and identification
of key biologically active radical species duringdical migration during DNA strand breaks.
Accessing the complete vibrational spectrum anddable to relate mode-to-mode dynamics in 2D
and multi-time dimensions would open up a compleéy of investigating molecular dynamics.
Complementary Raman techniques such as time-resoksonance Raman offer a complementary
and powerful probe of vibrational dynamics. A keguirement of the NLS is to be able to employ
these techniques as the probe process in pump-pnedesurements, and this will require
synchronized deep IR sub-picosecond pulses.

2D-IR: Infrared spectroscopy is an important diagnostial to the life sciences. IR measures
vibration-vibration coupling. It provides structumnalysis for extremely small or rare samples and
can detect structural changes on a ps or fs tites®dMR for structure determination was
revolutionised by 2D methods. 2D-Infrared spectopgds an optical analogue of 2D NMR. Coherent
multidimensional spectroscopy has considerablefiierend avoids the problems of peak overlap in
the spectra of complex macromolecules [26]. Witletresolved multi-pulse coherent spectroscopy it
has been possible to measure vibration/vibratiosszcouplings on the ps time scale. This has been
applied to a range of coupled vibrations in proteinlecules and has allowed identification of
individual proteins based on their unigue amina a@mposition from signals of four amino acids.
The method is not limited by protein size and it @aprincipal detect post-translational modificeis
(e.g. phosphorylation), or protein responses suclighat activated isomerisation between the ground
state and intermediate states of the photo-respmyade of bacteriorhodopsin.

With a brighter source, the method could be extdridetime resolved structural analysis to follow
ligand/protein interactions through dipole/dipoleupling (* dependence). This would extend the
technique to allow measurement of coupling of slaod long-range interactions from the present
estimate of 4-5 A limit to the 16-20 A range. Wibhight IR radiation the method could also be
extended to a wider range of applications utilizmgh intensity, broad tuneable radiation, and &nor
pulses (~1 ps) to explore collective protein mati@and conformational changes. The extension of
triply resonant 2D-IR to THz wavelengths will makgossible to explore global collective protein
motions and to study hydrogen bond dynamics anglomuy A combination of wavelengths is
particularly powerful for coherent two-dimensionakthods allowing THz-THz mode couplings,
THz-mid IR couplings and triply resonant (vibratieifbration-electron) couplings to be studied. The
technique requires two independently tuneable I&c&s coupled with a synchronized visible/UV
tuneable laser source.

2.3.4Electron beam excitation and probing

Pulse radiolysis as a trigger and soft X-ray probkstructural change will also be an important
avenue of research. A pulsed electron beam is apleomentary and powerful method for the
generation of chemical intermediates and excitetkst Its principal difference from laser initiatis
that the primary excitation step involves interactof electrons with the media and does rely on

the absorption by a chromophore of the laser lajhé particular wavelength. Other advantages of
using high energy electrons to generate transpestiss include, but are not limited to:

(a) Direct relevance to kinetics in radiation tre@nd spurs influencing overall radiation chemical
processes, in particular applied to changes duhagwuclear cycle. This has particular applicatmn

all stages of the nuclear power cycle, includingstearemediation and management, spent fuel
processing, deep geological disposal etc.

19



DRAFT

(b) Specific generation of excited triplet [27] &dsinglet states to see their importance in aseah

as light emitting devices and photovoltaic systermissome cases triplet states cannot be generated
optically.

(c) Specific generation and study of charged sgefoe determining charge mobility in molecular
electronic devices. For example, ultrafast eleatrazonduction has been observed in polymers
following pulse radiolysis. This provides a compttary approach to probing the mechanism of
charge separation and O-H bond cleavage in soEggronversion.

(d) Characterization of chemical and biologicalermediates stemming from oxidation/reduction
reactions. Examples include triggering enzymattovag through bond cleavage.

The coupling of picosecond and sub-picosecond relegpulses (~ 5-10 MeV) as a trigger for
chemical change with the structural probe techrsqdescribed above would represent a unique
capability internationally. In particular, comparedexisting pulse radiolysis facilities worldwif28]

(of which none exist in the UK), this would giveetiNLS a leading edge in terms of both structural
sensitivity and time resolution. The combinationXdfV pulses and pulsed radiolysis at the same
facility will allow direct comparison of opticallynduced dynamics with those of radiolysis, a
potential key international defining feature foe tNLS.

The pulsed electron beam, synchronised to the Ngt8 sources, offers a further potentially high
impact possibility. A complementary technique toaX+ diffraction for measuring structural dynamics
is offered by electron diffraction. Time-resolveidies in which electron diffraction/microscopy is
used as the structural probe are now well estaddisand typically employ electrons with non-
relativistic energies of around 100 keV [29]. Imgmarison with X-ray diffraction, electron diffracti
has several advantageous features: (1) scattemisg sections for electrons are typically 4-6 cgder
of magnitude larger due to the Coulombic interactioth both the nuclei and electrons in the target;
(2) the inelastic: elastic scattering cross sectavrelectrons is lower for electrons than for Xsa
and (3) the energy deposited into the target paagtic collision is lower for electrons than X-ray
photons. At these low electron energies, the tealpesolution is, however, typically limited to p$

by velocity mismatch between laser and electrorsga)l space charge repulsion and the initial
electron velocity spread.

The shortcomings and limitations of conventionalspuelectron diffraction may be alleviated by
employing the ~5MeV relativistic energy electronenfi the beam, for which the space-charge
repulsion can be significantly reduced allowing fsignificantly higher bunch charges and
preservation of short bunch durations. In facts ianticipated that bunch charges may be achieved
that are sufficient to record single-shot imagesaddition, relativistic electron bunches travelse to

the speed of light removing issues of velocity nagrh with the pump laser pulse through the sample
under study. Electron diffraction with relativisetectrons therefore presents an opportunity terekt
time-resolved electron diffraction and microscopyeasurements into the < 100 fs domain,
representing a step function in capability with leggion across the physical and life sciences.
Recently, diffraction of relativistic electrons 49MeV energy) from aluminium foil has been
achieved at SLAC [30] demonstrating the feasibibfythis approach. Further development of the
technigue is nonetheless required in order to impla fully time-resolved measurements, and the
challenges associated with the small diffractiogles will need further work. Nonetheless, the
provision of a relativistic electron beamline syrarfized to the other light sources at the NLS will
represent an internationally unique capability @itirafast structural dynamics measurements for all
phases of matter.

2.4 ULTRA-FAST ELECTRON DYNAMICS

Electrons play an essential role in determiningsinecture and dynamics of matter by mediating the
bonding between atoms and governing the opticattetal and magnetic properties. The dynamics
of bound state electrons in matter are tremenddiasy with timescales from the few femtosecond
down to the few attosecond duration. Electrons afemce, conduction or inner shell states are
invariably strongly correlated to one another tigtouhe Coulomb interaction and spin statistics.
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Moreover inherently quantum properties, such aargtement, play a vital role in the multi-electron
states of all matter. NLS will be bright and sheravelength enough to drive a new class of
simultaneously multi-electron and multi-photon rorear interactions. These interactions are
essential to understand in all applications of Higghtness short wavelength light with matter (&g
single shot diffractive imaging) but also may uki@new understanding of multi-electron dynamics
in complex matter. Our present understanding ofdfremical response of multi-electron states to a
rapid change (e.g. high frequency external fieltlden removal or excitation of an electron) is very
limited. Recently measurement methods have begwaddoess the question of attosecond electron
dynamics. These methods, based upon high harmeniergtion (HHG) from lasers, are very limited
by the spectral range and photon flux (-~pBotons/pulse and ~fOphotons/second) of these light
sources. We need the capability to extend the pusvstudies based upon HHG by using HHG,
relativistic HHG and by applying pulse slicing ifF&L. By this latter means the photon fluence could
be increased to > 1Dphoton/second so permitting massive improvementhié measured signal.
This will also provide a greatly enhanced flux ta®' photons/pulse so making possible, for the first
time, non-linear interactions. The wide spectraigeawill allow access to the states of intereslin
matter and not just a few test systems as is pitgshe case.

2.4.1 Short Pulse High Intensity X-ray InteractionPhysics

The interaction of matter with strong high frequgsoft X-ray fields is a new physical regime which
is fundamentally different to that accessed withorgg visible/NIR fields (see figure 5). The
interaction of matter with soft X-rays high inteysfields is poorly understood and involves highly
correlated multi-electron multi-photon interactiom$is is in contrast to interaction with UV/Vis/RI
light, where the interaction with the light fieldtiinsically only involves a single electron, asdnell
studied and understood. All measurements madehigth intensity short pulse soft X-ray FELs will
encounter the complexities associated with this regime of interaction.
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Figure 5. Strong field physics enters a new redionédnigh frequency fields. There is special intéiaghe soft X-ray range (10eV- 1keV)
where the fields couple efficiently to multi-elect— multi-photon processes in matter.

An understanding of the fundamentals of high intgrnsoft X-ray-matter interaction physics will be
crucial in all the FEL based measurements on comgystems of relevance to condensed matter,
material, chemical, nano- and bio- sciences. Weipate that new ultrafast measurement techniques
will emerge from understanding this regime — foample, coherent non-linear multi-dimensional X-
ray spectroscopic techniques [31] and non-linedrcapbased X-ray temporal gating have been
proposed.
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2.4.2 Revealing Correlated Ultra-Fast Electron Dynanics

A powerful approach to studying ultrafast electrdynamics in matter is through following the
relaxation dynamics of a system after instantanemusoval of an electron, or in other words,
observing the “hole dynamics”. In this approach,edectron is first rapidly removed from a bound
valence or inner shell state (with a short pumg@uand the evolution of the remaining electrobs in
new states observed using a photoionisation profus. approach requires either attosecond pulses as
both pump and probe, or, alternatively, another éaent may be used as the pump (e.g. strong field
ionisation).

The use of strong field soft X-ray pulses as a grobelectronic dynamics will allow us to directly
observe for the first time correlated electron dyits. At present, our understanding of the way in
which electron motions are correlated in mattemdirectly inferred through measurement of the
single electron response of matter to light. Thétirelectron nature of the response of matter ghhi
intensity soft X-ray fields will allow an entirelyew view of the way in which the ultrafast motiasfs
electrons in matter are correlated. Since all cemphatter involves multi-electron states, correlate
electronic motion underpins the nature of matterthet quantum scale. Though there is a vast
knowledge of equilibrium electronic structure, lthea established theoretical tools (e.g. DFT), our
understanding of the dynamics of these systenrsiis infancy, having only been studied through the
response of individual electrons. The correlati@isthe many electrons induced by Coulomb
interactions are strong and rapidly changing (om shib-femtosecond timescale), and the role of
guantum correlations (e.g. entanglement) is largabxplored. The ability to study this fundamental
feature of complex matter may underpin a new geioeraf optical, data storage and logic devices
based upon ultrafast semiconductor and nanofabdaamponents.

2.4.3 Tools for Attosecond Science

An X-ray free-electron laser operating in the Setiplified Spontaneous Emission (SASE) mode of
operation, as proposed at e.g. LCLS and XFEL, ge¢eerradiation pulses of limited temporal
coherence consisting of a series of phase unctedelapikes within an envelope duration
approximately that of the electron bunch (10-1Q0f$le FLASH Free Electron Laser operating in the
Self Amplified Spontaneous Emission high-gain afresliregime is currently the world leader in the
field and is able to generate ~10 fs pulses of 1Dt wavelength of 13.7 nm, and following a recent
upgrade to a 1 GeV electron beam has achievedjl&sisaturation at 6.5 nm. If we anticipate a soft
X-ray FEL (20 eV to a few keV where we expect theceon correlation physics to be most
interesting) with pulses of ~10 fs we can be caaritdthat it is already sufficient for new studids o
non-linear interaction (1.1) and other time resdlvstructural studies (see other sections).
Nevertheless to extract the maximum informatiomariti-electron dynamics attosecond pulses, full
coherence with probe lasers, will ultimately bedesk Therefore part of the science programme must
involve proving the necessary pulse slicing/seedeaniques for 20 eV to few keV FELs. In the
meantime HHG (high harmonic generation) and rekttoy HHG (RHHG) can be used to permit
attosecond domain studies to be conducted fronstdng, although with much lower flux and lower
rep-rate than a FEL source. Further RHHG may pewad appropriate seed source for keV range
FELs.

22



DRAFT

3. FACILITY CAPABILITY

3.1 Capability Required For Science Drivers

To satisfy the scientific objectives set out abolere are a number of core capabilities that the
facility must be able to provide:

¢ High brightness (up to 10° photons/pulse) pulsed coherent light source covega from
THz to ~1.5 keV (with less bright harmonics to 7.5«eV)

Much of the science demands 1-10 kHz repetition rat(or higher)

Even pulse spacing for optimized data collection a&hfor efficient synchronization to
external lasers (including for seeding and slicing)

Photon source capable of smooth tuning across thatge spectral range

Pulse durations down to ~20fs for soft X-ray apptiations with sub-femtosecond
capability required for attosecond science

¢ Soft X-ray linewidths of 0.1% of bandwidth, with the possibility to reduce this in the
future

¢ Two-colour capability for pump probe experiments wth synchronisation jitter better
than 10fs. For example: Colour 1: THz- UV (pump)/ @lour 2 VUV-7 keV (probe)

High degree of transverse and temporal coherence.

Synchronised auxiliary devices e.g. high power lase pulsed electron beam, high
magnetic field facilities

It is anticipated that, where appropriate, convandl lasers are employed, e.g in the range 0.4 5 e
where this technology has exceptional capabilityosM applications will require this in
synchronization with a FEL or require multi-colodrem the FELs e.g. a IR/THz and a soft X-ray
FEL driven in series from the same LINAC.

Electron beam modulation and seeding are essetatiadchieving the NLS scientific mission.
Modulation of the electron beam by a laser immetijabefore the FEL undulator can prepare the
electrons so only a small portion of the electrafse radiates in very short X-ray pulses. In thés/w
pulse durations in the soft X-ray range of ~1 f¢shwa few pJ energy are feasible. There are
possibilities to shorten the pulse length everhierrivhich will be explored in a second stage.

To overcome the intrinsic jitter and fluctuatiomherent to the SASE process seeding by the highly
coherent short wavelength light produced by highmuamic generation has been identified, and
recently demonstrated [32], as the best strategyrddically improve the coherence and
synchronization properties of a FEL. This will besential to achieving the conditions needed for a
wide range of the NLS science objectives. ConvealictHHG has been shown to be efficient for
photon energies approaching 400 eV and so we dagipate seeding being effective for FELs at up
to 10 kHz operating towards those photon energies shorter wavelength seeding down to 1 keV or
higher energy relativistic HHG now looks very premg and with the likely improvement of high
power ultra-fast lasers anticipated to push theagespower limit from 1 kW towards 10 kW over the
next decade or so this may well provide seedingloitipy across the full energy range of the FEL.
This would correspond in the FEL harmonics to ekioepl coherence and synchronization properties
up to >5 keV.

It must be recognized from the start that therd méled to be provision for a range of additional
equipment and facilities that are essential toNhé& science. These obviously include a suite of
lasers synchronized to the FEL which form an irdegart of the light source. Moreover, to realize
the full potential of NLS, other large equipmentgnbe included in the facility such as the pulsed
electron beam, high field magnets and possiblygh lnower long pulse laser. Likewise essential
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facilities for sample preparation (e.g. tissue ungt crystal growth,) and handling will need to be
available from the start of operation.

3.2 Baseline Specification and Upgrade Path for ad\w Light Source

For a facility of this scale there are advantageserms of a manageable cost profile and explgitin
technological advances as they emerge, in takstgged approach to the construction of the facility
A Stage 1 baseline specification that we envisdgrilsl be available from day one of the facility
operation is:

+ High brightness (up to 16° photons/pulse) pulsed coherent light source covega from
THz to ~1keV (with harmonics to ~5 keV)

+ 1kHz repetition rate with even pulse spacing
+ Photon source capable of smooth tuning across masitthe spectral range
+ Pulse durations down to ~20 fs

+ Two-colour capability for pump probe experiments wth synchronistaion jitter better
than 10fs. For example: Colour 1: THz- IR (pump)/ @lour 2 100 eV-5 keV (probe)

+ High degree of transverse coherence

+ High degree of temporal coherence up to 400 eV, exiding to >1 keV as seeding sources
improve
+ Synchronised to short pulsed lasers

Additional capabilities, such as extending the sepghoton energy range and implementing pulse
slicing, where the technology and cost present igoif&cant barriers to progress could then be
established within the routine facility developmetimetable. In addition to incremental
improvements and developments, on for example sgeathid pulse slicing, more substantial future
up-grade routes should be kept in mind from the.sta

A Stage 2 upgrade could then tackle the increagbeophoton energy to the 1.5 keV photon limit,
increased repetition rate (to 10 kHz or higher)d amplementation of advanced pulse slicing
techniques that couldn’t be up-graded through neutacility development. An energy up-grade will
be a relatively costly and disruptive step as ia#sadding additional accelerator modules toease

the primary electron beam energy. Provision ofranéi long enough to accommodate an increase in
the linac length is a requirement. Increasing #etition rate above 10 kHz would be feasible if a
higher repetition rate gun is developed (not yetilable but it is predicted to be possible in fejur
and a CW linac is adopted (already needed forehaired temporal structure). Once the technology
is available increasing the repetition rate is latieely inexpensive up-grade. At the end of Stage
the facility would have all of the capabilities taeed for the science drivers identified in thipog.

The potential for a Phase 3 up-grade to furtheaeoé the facility should also be considered, perhap
waiting for technological advances that may makgaéi repetition rate or photon energy cheaper and
more feasible than using current technology. Editemthe spectral coverage of the FEL fundamental
to higher photon energies (>2 keV) is a potentiglife aspiration. This would usually require either
the increase of the linac energy (by adding acatter modules) or a reduction in the undulator gap.
It is desirable to retain the option of a potehiatrategically important upgrade route to a UKdca
X-ray (~8 keV) machine in the case that single mamiecular imaging were to become as successful
as current protein crystallograpdding extra undulators to be served by electramches switched
from the main linac path could take advantage bfgher repetition rate to increase the number of
beamlines and end stations to deliver more sciéffus.would be moderately expensive but would be
potentially very beneficial. Adding a second sfray FEL served by the same electron bunch
synchronized to the main FEL is also desirablenbée two-colour X-ray experiments. This will be a
technical challenge as the effect of the first F&h the electron bunch will be to degrade it
significantly. In the meantime a second soft X-fiald can be provided by HHG from a synchronized
laser.
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In the following section we discuss a number of nepke science projects that may form the
highlights of research on NLS for the first thredive years of operation. Most would be achievable
at least in part, with a facility with the stagédseline specification. They have been selectedéls
has a coupling to significant UK expertise and eatiactivity, these topics emerged strongly from th
community consultation. They capture some of thetement and opportunities NLS can provide.
They do not comprehensively explore all of the Nidential but rather to serve as a sample of the
science we believe is achievable.

4. HIGHLIGHTS OF INITIAL SCIENCE OBJECTIVES FOR NLS

We caution that the projects that follow shouldydoé regarded as examples of potential experiments
that could be carried out and not concrete expertaheproposals. At this early stage, before a
detailed facility specification has been determjnes impossible to “design” an experiment scste
examples must be treated only as sketches. Alssediace will continue to evolve in the period (at
least five years) before first light so it wouldleed be a surprise if what follows were a comiste

of first research projects. In any event if NLShsilt a peer reviewed system to call for and
competitively select proposals will be in placeteere will be every opportunity for new ideas to
emerge.

4.1 NANOSCALE IMAGING
4.1.1 Development of Sub-Cellular Imaging

Imaging of cells is an exciting opportunity for tthNLS using radiation in the soft X-ray region.
Recent calculations show that resolutions approgchi2 nm could be reached on micron sized
living cells in diffraction-limited geometries wittadiation wavelengths between 1.5 nm and 4.8 nm
and intensities around 13- 10" photons pepm? and pulse length 20-50 fs [7]. It is anticipatheltt
NLS will deliver these specifications (and superidfor non-reproducible particles such as living
cells, uniformity cannot be assumed and radiatiamabge demands that information has to be
obtained from a single shot. More work is neededeeelop the methods to deliver high resolution,
but in principle the resolution can significantlyceed that possible with optical microscopy. We
anticipate that considerable advantages will résoith using the NLS as it is well matched to adslres
the soft X-ray region for cellular imaging, whileet other new sources (LCLS and XFEL) develop the
capabilities for hard X-ray imaging at the molecué&vel.

Important proof of principal experiments to testra§+ imaging on the fs time scale for biological
specimens have been successfully completed in @& wf Janos Hajdu (Uppsala) and Henry
Chapman (DESY) [5,6] and unpublished results (Feglly, which were described at the NLS life
sciences workshop. Their work uses the principak scattering can be recorded before X-ray
damage occurs, provided that the X-ray pulse igtskioough. The first biological specimen the
photosynthetic picoplankton mounted on a soliatsili nitride support had been imaged with a 10 fs
pulse of wavelength 13.5 nm. A novel spray medmarfor injecting the specimen into the beam has
been developed. Image reconstruction of micro-asgas with 7 nm radiation has so far been
achieved. The results from FLASH, operating in\#é/ wavelength region, are an impressive start.
The soft X-rays available from NLS will be of immatk utility in extending these concepts into the
water window. Radiation damage is the primary fadimiting the CDI experiment in biological
samples. If only one copy of a sample is availatateapproach to avoid this limit is to collect teta
very rapidly, faster than the time scale of theratovibrations, roughly 10 fs, as described above.
Depth penetration could be as great agr20By exploiting the appropriate wavelengths, as iat#d

by Bergh et al,[7], a resolution approaching 2 mmrealistic intensities and pulse duration appears
feasible.

NLS will be engaged initially in proof of principlexperiments with test objects fabricated to test
these resolution predictions. Nevertheless the guah in the early stages will be to extend these
investigations to interesting biological problenfhere are a range of sub-cellular features and
processes of current biological interest that wdoédaccessible to study (see section 2 for other
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examples). Thus for an individual cell it might ppessible to image, for example, the mitotic spindle
as it forms during mitosis with details of the gesbmes and their microtubule organising functions,
of the kinetochores and their attachment to chrammes and microtubules, and the events leading to
the separation of sister chromatids through breploh cohesin; or the organisation of protein
complexes on the surface of mitochondria and evasgeciated with cellular mitochondrial energy
and apoptotic functions; or the structure of intaetmbranes and their associated proteins at differe
functional states say in response to hormonal andomal stimulation.

Optical microscopy has advanced spectacularly tiivothe power of the fluorescence confocal
microscope and recent developments to overcomediffraction limit on resolution. In special
circumstances resolutions of ~30 nm have been radstawith living cells but more commonly
resolution is limited to 100 nm. These advanceshamng immediate applications to medicine. For
example at the workshop, work was described [33,3%} in which sites of protein interactions
associated with cytoskeleton remodelling on speaifiembrane protrusion structures in the cell
periphery had been mapped between Cdc42 (a GTratecti protein) and PAK1 (p21 activated
kinase 1) in response to GTP. These events coutdivelated in real time as an immune cell probed
a series of cancer cells. In vivo imaging has adldvhe longitudinal tracking of cancer cells in the
mouse and endoscopy imaging of many important cexegl such as CXCR4 complexes and
PKC/ezrin interactions. The detection of imagets$raissociated with cancer invasion, derived from
patient cancer tissue microarrays, could providBagnostic marker for metastasis. In these studies
there is a requirement to extend the resolutiomsdo be able to visualise the precise subcellular
location of the protein complexes. By combiningrhigsolution X-ray images of cells flash-frozen at
defined time points with images from live cells Buenderstanding could be achieved. This is an
exciting early challenge for NLS that will harned®e already flourishing expertise in the UK
biomedical imaging community.

4.2 FLUCTUATING AND RAPIDLY EVOLVING SYSTEMS
4.2.1 Complex correlations and fluctuations in satis

Some of the most difficult questions in modern cargkd matter physics are related to the physics of
complex solids. These are highly non-linear systemghich the choice of ground state is dictated by
a subtle balance between the energetics of mulipigees of freedom. The free energy landscape is
then a very rugged terrain with multiple competlogal minima, and an enormous degeneracy of
states on similar energy scales. These are reraittisif “glassy” or “liquid” states and exhibit very
large sensitivity to external stimulation, leadittg spectacular phenomena like colossal magneto-
resistance, where a change in resistivity of negaly orders of magnitude may be triggered by the
application of a moderate magnetic field. Some hea@mpared this behaviour top the spectacular
response of chaotic systems to even subtle chasfgie® boundary or initial conditions. Quantum
mechanical coherence is also known to survive upidb temperatures in these systems, giving rise
to superconductivity well above 100 K and indeedaosimilar energy scale as room temperature.
These are the problems that are very challengingeghysics community, and remain by and large
unanswered.

Beyond academic interest, there is also true pialdot a revolution in technology, leading to ando
where magnetic storage would become orders of matgs denser and faster, where high critical
magnetic fields from room-temperature supercondasctwould lead to frictionless mechanics,
levitation transport and where energy transportiout resistance would become possible.

In this context, it is imperative to understand tiipe of physics that stabilizes particular states,
controls switching between competing ones, or whigtiates condensation of Cooper pairs in high-
Tc superconductors. One would like to know the tgpd size of ordering domains that form, their

dynamics and the multiplicity of order parametéddéthese phenomena is extremely hard to describe
with conventional theories of phase transitions.
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Multiple pulse experiments that combine holographiaging with photon correlation spectroscopies
would teach us about such complex correlations functuations. For instance in the colossal
magneotresistive transitonan anti-ferro to ferrgnetic transition, an orbital-melting transitiom a
insulator-metal transition and a structural traositall coexist and dominate the physics. Can we
separate the fluctuations in each degree of freem®an external parameter is slowly varied? Can we
extend static diffraction experiments from atonadyital, spin and charge lattices (all demonstrated
with 3 generation synchrotrons) and bring this methodolom a combination of holographic
imaging and X-ray Photon Correlation Spectrosco@yfrently some seed experiments are being
performed at the FLASH facility in Hamburg [36], ca new generation of these will become
possible with new sources. We see that the UK esat bhe forefront in this area.

4.2.2 Thomson scattering from X-ray produced plasma

There is an early opportunity to use a soft X-r&} Fo create and probe the formation and properties
of WDM. Thin foils of solid density can be isochmlly heated by the NLS beam to produce, warm
(10 — 100 eV) matter. The possibility of uniformatiag throughout the foil thickness and the very
short time of the interaction will set up the idastuation to track the plasma conditions as they
evolve through the WDM state. This could then babpd by harmonics of the NLS beam of higher
photon energy via Thomson scattering, to providermation on temperature, density, ionization
state, and structure, as well as electron-ion kgatlon times. Alternatively, the NLS fundamental
pulse would be split into two different beams witlifferent polarizations, one to produce the
isochorically heated WDM, and the other to probe slgstem. By using polarization analysers, we
will be able to collect the scattering signal frdme probe beam only. There is even the possitwfity
X-ray diffraction probing at the fifth harmonic. &lthickness of foils amenable to isochoric heaiting
this way will depend strongly on material and tHeSNwavelength - ideally, for uniform heating (as a
function of distance), the foil should be less tlwrorder 0.2 absorption depths of the radiation in
guestion - e.g. for Al about Qué for 1.0 keV radiation (Al is a good material atodest
temperatures, as up to 10 eV it has a constant euailiree electrons at solid density). The 3-5 keV
probe radiation (in"3and 8" harmonic) is particularly suited to scatter frooupled electron plasma
modes, as the spatial scale-length of the plasnmom®mparable to the x-ray wavelength. In an
inelastic scattering experiments, plasmons as agelbn acoustic modes (phonons) exchange energy
with the probe photons, and the scattered radisgimws characteristic resonances in its frequency
spectrum. These indeed describe the full microscdlectric response of the WDM state. The UK
already has world-leading capability to perform exments in this area, albeit using the present,
severely non-optimal sources.

A powerful new approach to dense plasma measuremase of a relativistic electron beam to probe
a plasma created by the soft X-rays, can be purdéyedLS. Electrons scatter from charge
fluctuations, thus the scattering signal is dinecibrrelated to the charge-charge response function
which is different from the density-density cort@a function probed with X-rays, and provides a
mean to investigate the dynamics of micro-fieldribsition in WDM. In addition, electron energy
loss spectroscopy is a powerful techniqgue to measug stopping power and the integrated static
structure in strongly coupled non ideal systemss Tils particular relevance for the understandfng o
energy deposition in WDM states that occurs intiakefusion energy experiments. The approach
suggested for the NLS is a pump-probe experimeraafiguration where the x-ray FEL beam or a
synchronized optical laser is used to produce tiEMAstate and the electron beam is employed as a
probe. By using the relativistic 1-10 MeV electrogsnerated in a RF photocathode gun and
accelerated through compact LINAC optics, the gpdiroadening of the pulse due to Coulomb
repulsion can be minimized and time resolution <0@an be achieved. To achieve the highest
contrast spatial resolution, the LINAC should bergped at ~1-2 kA in a focused ~fth diameter
electron beam.
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4.2.3 X-ray Spectroscopy and Opacity Experiments

An important initial objective for soft X-ray spesscopy with the NLS would be in the area of the

creation and observation of hollow ions. Theseestaire automatically produced when atoms are
iluminated by intense X-rays and are an intririsature when NLS interacts with matter. There will

be considerable overlap here with the experimegdals of the atomic physics community, who wish

to observe hollow atoms and ions produced in, ¥am®le, the interaction of the NLS beam with a

gas-jet target. The interesting point here isge bollow ions as a powerful new diagnostic of the
conditions within dense plasmas. If the NLS irréeliaa plasma (produced, for example, by optical
laser-matter interactions), then the hollow-iona¥~and XUV spectra provide a unique diagnostic of
the ionic state and plasma conditions — the detHilthe complex recombination K-shell spectra

depend on the occupancy (or otherwise) oflth# (etc) shells, which of course is dictated by the

temperature and density within the plasma.

Coupling of a 10 Hz optical system to the NLS walso allow us to obtain detailed opacity
measurements of dense plasmas produced by thaloptstem. Such experiments have, in the past,
produced limited information due to the technia#ficllties in obtaining bright x-ray back-lightete
probe dense matter (that said, the information lthatbeen gained has often proved invaluable - e.g
opacity measurements of hot-iron plasmas, madelasgr-plasma sources, led to revisions in opacity
tables and calculations that had an impact onitedigtion of the behaviour of Cepheid variableg] an
in turn the Hubble constant). The high brightnessochromatic NLS beam should eliminate many
of the problems normally encountered in such expemis. Once more, hot dense matter can be
created by an optical laser, and its opacity prokbigd the NLS beam.

4.2.4 High Density Matter

As well as isochoric heating, a further exploratminthe parameter space of matter of hot, dense
plasmas could be achieved if the NLS is coupledh withigh-power relatively high repetition rate
nanosecond laser. Diode-pumped systems are nawg beexistence that can produce 100 J, 1 nsec
output at 10 Hz. It is more than likely that 1rkédules of such systems - required for the HIPER
project, will be available on the NLS constructioime-scale. To our knowledge no other
4™ generation source has plans to couple technolagigsss way, and such a step would set the NLS
apart from many of its competitors.

With such a nanosecond laser system one couldgmngress (by laser irradiation) foils, that are then
probed with the NLS beam (with similar X-ray photemergies to those stated above). We note that a
nanosecond optical laser is a requirement for sxgeriments, as the typical compression (shock)
velocities in matter are on the*rfs” timescale, requiring of order several hundred pséraverse a
few micron thick foil when shocking it, and longérone wishes to keep it off-Hugoniot via ramp
compression. At high laser irradiances, and fas times, (>18 Wcmi®) highly compressed hot
plasmas can be produced, which greatly extend anenpeter space from those simply produced by
isochoric heating. These can once more be probiddte NLS via Thomson scattering.

Molecular-dissociation, partial ionization, stroegupling, nonlinear transport, and indeterminate
guantum statistics make the matter produced invthig very complicated but is a state that any solid
must pass through en route to becoming a plasmaotesi above, matter of this type is of relevance
to the physics of planetary interiors, being simitanature (in terms of densities, temperaturesl, a
coupling parameters) to those found towards thereesf the giant planets. Such conditions also
prevail within inertial confinement fusion pelledsring the implosion phase, and accurate prediction
of capsule trajectories relies heavily on a detakeowledge of the EOS in this regime. Thomson
scattering allows direct measurement of the strediactor of such systems, which is closely related
to the pressure. Details of the Thomson spectesiipdn modes) are also sensitive to the electron-ion
collision time - which is also unknown in this neg owing to the difficulties in calculating Coulbm
logarithms. Measurement of this time-scale is @iu@r an understanding of all transport properties
of such plasmas.
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4.3 STRUCTURAL DYNAMICS UNDERLYING PHYSICAL AND CHE MICAL CHANGES

4.3.1 Bulk Fermi-surface dynamics from time-resolve high-energy ARPES

Mapping the temporal evolution of the electronitisture of condensed matter systems is an exciting
new possibility enabled by NLS. Angularly resolygabtoelectron spectroscopy (ARPES) studies of
the equilibrium near-surface electronic structureamplex materials such as the high-temperature
superconductors have shaped our understandingrélaied electron systems. A new FEL source
with sufficiently high flux per unit bandwidth itné near-keV region provides a prime opportunity for
transforming ARPES to accessing non-equilibriunctetic states with sensitivity to bulk properties
of solids.

This offers exciting prospects for the study ofakeltion phenomena, electronically driven phase
transitions or novel photo-induced states. Bulksgeity would result from longer escape depth of
energetic photo-electrons. The decrease in photssen cross section could be compensated by
gain in average flux. Time resolution would resuttm a pump-probe scheme exploiting the shorter
pulse duration of FEL sources. Due severe spacegehdistortion of the ARPES spectra only
relatively small numbers of photoelectrons per sirettolerable and so to accumulate good quality
data a high repetition rate is needed. A 1-10 ktitzal repetition rate of the FEL would be suffiote

for early studies, but future work will be extendethe repetition rate is increased towards 10@.kH

4.3.2 Determination of mechanism in chemical catatys

Use of pump-probe techniques employing a rangeR#¥idible pump and X-ray probe photon
energies marks a step function change in abilitynemasure catalytic reaction dynamics. The use of
X-ray techniques such as XAFS, XANES, XES and XRiEbe the key enabling probe technologies
of catalytic processes both in heterogeneous ambgeneous systems. Catalysis is one example of
the application of NLS to complex chemical reactiomcluding solution phase chemical dynamics,
where we believe it will have a very broad impact.

Over the past two decades, laser and synchrotaimitpies have allowed for the measurement of
static active site structures and atomic architestwnder catalytic conditions. These measurements,
when combined with computational models, have ackedrunderstanding of catalysis significantly.
However, while current computer models are ablefter predictions of key chemical intermediate
and transition state structures, we currently lduk experimental ability to resolve the dynamic
structural changes that occur on the ps and fsstiales associated with chemical reaction, and so
only static pictures of structures averaged ovewdtitude of molecular processes are obtained. As a
result we know little about the structure of tramss, and virtually nothing about the charge and
energy transfer occurring during the primary stejpsatalytic reactions. In order to advance catalys
design further it is necessary to develop new tiegias for probing catalytic reaction dynamics oa th
femtosecond timescale in order to allow for truechamistic measurements to be made. Such
advances, when combined with advanced models ehdbfeupcoming advances in petascale
computing, will allow for new models of catalyticechanism and improved catalytic design.

A fundamental aspect of catalysis is that many ti@as are thermally driven at around room
temperature, and this motivates a desire to cauty ppump-probe studies with a pump closely
mimicking thermal activation. Short pulse radiationthe 1-20 THz region provides a potentially
useful resource for mimicking thermal initiation adtalytic processes through broadband impulsive
excitation. A deep IR/THz pump source could alsoused to directly excite substrate phonons,
metal-adsorbate modes and adsorbate internal modesterogeneous catalysis. This would allow
direct investigation of the effect of mode speciGoergy deposition on reaction mechanism —
ascertaining which modes of a system promote aeatkseaction is a key factor in catalysis design.
Surface photoreactions can be driven by a visibleear-infrared pulse to excite hot electrons m th
substrate, which may thermalize and couple to tkeoiate within the first picosecond.
Alternatively, the hot electron bath may excite pbias within a few picoseconds and these phonons,
in turn, can couple to the adsorbate and initiatea&tion. In homogeneous systems, visible and UV
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pulses may be used to photoinitiate a processlearenic excitation, or by multi-photon excitation
with IR radiation in the solvent transmission wimdo

There is a myriad of reactions in both heterogeseand homogeneous catalysis where this
information is of critical importance, but theredearly a need to make a relatively simple initial
choice of system for study. Supported Au catalyistve shown a remarkable activity in a variety of
industrially-important low-temperature oxidatioracgions, such as the oxidation of CO [37]. Despite
extensive investigations of powder and maxehlysts the mechanism by which molecular oxygen i
activated in these reactions is not understoodd Gioigle crystals are inactive towards oxygen wnles
energy is provided to break the O-O double bondivAton of G, on the gold particles has been
observed for TiQand ALO; supports. On the other hand, for reducible sugp@tich as Tig) it has
been suggested that this step proceeds on thersupbah then provides active oxygen to the gold
cluster. This view is supported by the low reatyiwf bulk gold towards @ DFT calculations [38]
predict two oxygen activation pathways for gold gogped on oxides: (i) an activation on the gold
cluster and (ii) activation on the support oxid@wever, experimental data elucidating &ativation
over these catalysts is scarce, and there is @nunged to investigate the role of the F30pport in
particular. Pump-probe spectroscopy with combiXé$ and IR probes will allow the reaction
mechanism to be established, distinguishing betvieeralternative proposed schemes illustrated in
Figure 6. Access to the K edge (at 5 keV) together with the kC edge (at around 300 eV) is
required, and in this case, where a putative™Agpecies is proposed, the oxidation state (and
XANES-type) information available at the AN,s edges (at around 2.2 keV) is particularly
important. Initial activation of the physisorbeglygen, initiating reaction can be achieved in this
reaction by either electron or VUV photon irradati[39]. We anticipate in initial experiments of
this type a temporal resolution of some tens ofvlisbe achieved, moving to some hundreds of fs as
the experiments are optimised.

Figure 6.(1) Current mechanistic understanding of the rescsequence leading from molecularto its
dissociation and/or reaction with CO to @Over supported Au. Note that the nature of thetiea oxygen
species remains unspecified as.£(2) Thermodynamically plausible, but experimegtathverified, sequence
of elementary reactions leading from the adsorptb, to CG; in the presence of moisture. (3) Langmuir-
Hinshelwood type reaction of,@iith CO. Experimentally not verified. (4) Alteriva reaction scheme to (3)
but involving a cationic Au species as the actite £xperimentally not verified. Reproduced wta

permission of Sven Schroeder.

4.3.3 Chemical Dynamics in Isolated Molecules

Understanding the structure and dynamics of isdlat®lecules has been key to developing an
understanding of chemical reaction dynamics. Teples for studying gas phase samples are
appealing as it allows for the removal of environta¢ effects in order to study nascent molecular
properties.
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Time-resolved photoelectron spectroscopy (TRPES)ena@erged as a powerful and general technique
for studying the flow of charge and energy in malac systems [40], revealing important information
regarding the ubiquitous coupling of nuclear arttbnic motions governing excited state dynamics.
The NLS will allow an important extension of thischnique to allow the ejection of inner shell
electrons which will provide critical new insightito molecular structural dynamics. In TRPES
measurements performed to date, it is the valelemgrens which are both implicated in the neutral
dynamics following pump excitation, and also iowliza the probe step. As such, although valence
ionization does carry the fingerprint of the nuclelynamics, it is appealing to also consider
ionization of inner valence and core electrons Whiould be made possible by the availability of
femtosecond probe pulses at > 100 eV. Such expetsmeould yield complementary information
regarding nuclear motion to conventional valenceziation, since the core level ionization threskold
of constituent atoms depend sensitively upon themital environment within the molecule. While
chemical shifts are reflected in the binding eresgof core electrons, far more detail about the
molecular structure is available from the photaetet angular distribution (PAD) following core
level ionization. The photoelectron angular dsition is a diffraction pattern created by the &lat
wave as it leaves the molecule and scatters offriblecular potential — core electron ionizatiorain
sense "illluminates the molecule from within”. Suebhniques have also been shown to be sensitive
to chirality [41], and provide a way of probing tthgnamics of enantiomerically selective processes.

X-ray photoionisation may also serve as the pungeess, initiating a chemical rearrangement. For
example carboK shell ionization of acetylene at 310 eV triggeffast rearrangement of the resulting
acetylene ion to the vinylidene ion, which is expdcto occur on a sub 100 fs timescale, and
competes with Auger decay [42]. Time-resolved pnghof such nuclear rearrangements upon core
shell ionization is presently challenging, but isakled by the NLS through the availability of
femtosecond XUV pump and probe pulses. The polesttiasing X-ray ionization to probe the time
evolution of electron correlation in molecular gyss is also possible with the capabilities provided
by the NLS (see section on Ultra-fast Electron Dyits).

Measurements made on gas phase samples typicdflsr su reduction in information due to
averaging over the random orientations in the saniplrecent years, molecular axis alignment and
orientation using strong non-resonant IR lased$idlas been demonstrated, and offers a general rout
to avoiding the orientational averaging. The extmmsf these techniques to larger molecular systems
requires intense IR and THz radiation at wavelesgbieyond those currently available from
conventional lasers, and will require the abilibydeliver polarization tuneable pulse sequences on
target. The provision of this capability in conjtina with the X-ray capability of NLS offers excig

new prospects for highly refined structural measanats. Furthermore, the IR may be exploited for
conformational control and selection in extendedleswdar systems which would otherwise be
present in all thermally accessible conformatidnghis regard IR double resonance and hole-burning
are expected to be of great utility for conformasibselection. The possibility of using high inténs
deep IR fields to provide internal forces to molesun order to control conformation is an exciting
and largely unexplored area which will be enabledugh the NLS capabilities.

Finally we note that with recent advances in clugt®duction, helium droplet encapsulation [43],
and electrospray techniques it is now possibleystesnatically study intermolecular interactions in
gas phase systems, and use size controlled chgstierimimic inner salvation shells. Also, advances
in microjet and microfluidic technologies now alldar gas phase techniques to be applied to gas-
liquid interfacial problems [44]. As such, the tiresolved techniques for structural dynamics of gas
phase molecular systems described above will leettirapplicable to these richer and more complex
systems, and the high photon flux of the NLS iseg &Bdvantage here as such extended molecular
systems are often exceptionally dilute due to thepparation methods.

4.3.4 Pump-probe studies of the dynamics in biologal macromolecules.

The following examples of research into biomolecatel biochemical ultra-fast dynamics are all
enabled by the capabilities of NLS to provide Higtghtness photons in the THz/FIR or X-ray range.
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There is a strong coupling of each example to gtwithin the UK research community. The
examples given below are based on ongoing work evtie extension to a faster and brighter long
wavelength source would require some innovationnstrumentation but could be implemented
relatively easily based on existing technology.

(a) Enzyme catalysiStructural, kinetic and mutational data over thst 0 years have provided an
understanding of enzyme catalysis for many systeased on transition state theory. Chemists now
seek a more detailed explanation, for exampleheftime resolved events by which a hydrogen or
hydride ion may be transferred by tunnelling medisran at rates (~2x2G") that seem faster than
allowed by the current static structures of enzynmidsere is a need fasub-ps high power THz
radiation to promote molecular motions in macrorooles followed by probes in visible or IR to
understand how conformational dynamics map to chteynin enzyme catalysis [45]. Accurate
measurements of spectra will provide informationtloa lifetime of promoting vibrations and yield
insight into energy transfer processes. Carefutisyanisation of the THz pump with initiation of H-
transfer catalysis, possibly through light actigatatalysts as already used, would be required.

(b) Identification of the transient intermediates DNA damage.Living organisms regularly
encounter ionizing events that could promote DNAndge, mutation and the onset of oncogenic
transformations. Whilst only a few of these eveetsult in irreversible damage they do nonetheless
represent a threat. The chemical processes invatvBA damage and repair stretch across the time
domains from femto-seconds to seconds. Time redoWerational spectroscopy allows a direct
structural probe in solution to investigate theunatof the excited states, the inter- and intra-
relaxation times leading to chemical modificatiohnucleic acid bases, (e.g different tautomers,
pyrimidine dimer formation, radical formation) folwing DNA irradiation by UV light. Pump-probe
measurements in which UV photo-excitation was fedd by time resolved infrared spectroscopy
have provided an in depth understanding of thegskgtited states using both model compounds and
DNA with time resolutions in the ps range [46,47488. However such studies are limited by the
wavelengths obtainable from the laser sources.eTlen need to access sub 1000 tmegion to
understand the role of low-lying modes and to tieesthe complex vibrational fingerprints into
definable structures. The experiments require dy fulneable source of high intensity with
frequencies 10-4000 c¢h{in a single shot).

(c) Structure and conformational responses in tkteaecellular matrixThe glycosaminoglycans, e.g.,
heparan sulfate, hyaluronic acid, are componentth@fextracellular matrix and contribute to the
regulation of cell/cell communication and signadlitittle is known of their overall conformationdn
how their conformations respond to stimuli. Spestopic methods have been applied to study the
extracellular matrix using synchrotron CD and vilmaal spectroscopy with IR, UV. Vibrational CD
(in the infra-red region) has been used to probatfaicture fingerprints and conformational resgons
of effector proteins during their activation by thegars [50,51]. Further progress in the field megu
sources with high peak power because of the lowceamnation of the macromolecules in
physiological conditionsp@/ml).

4.3.5 Laboratory astro-chemistry

A major motivation for laboratory astrochemistry #ite NLS is the ability to measure the
spectroscopy and dynamics of short-lived chemitd&rmediates. Accurate measurements of absolute
cross sections of spectroscopic transitions in Btahle and transient (free radical) species Widha
accurate modelling of the chemistry [53nd of a wide range of physical parameters, inoydi
density, temperature, elemental abundances, andedeee out of molecules on to dust grains in both
stellar and interstellar mediums. The availabibfysoft-X-rays and pulse radiolysis for creation of
transient species with synchronized optical and dpectroscopic techniques presents a key
opportunity to remove the reliance on purely coreduytarameters in current astrophysical models.

The importance of gas-grain chemistry to chemigalwgion in the inter-stellar medium has become
clear in recent years and provides motivation fedarstanding the primary chemistry of ion-grain
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chemistry, and its interplay with gas phase ioneuoole chemistry. Combining ion beam sources with
X-ray and IR structural probing will allow for aweclass of measurements to be made examining the
chemistry occurring when the surface of dust graims single nanopatrticles are irradiated with ions.

A key question that the NLS will also be able ta@ds is the origin of the primary asymmetry in
biological molecules. All biological relevant amiagids are left handed while the sugars that form
the energy source and constructional material inymaological systems are right handed. Already
numerous experiments are showing us that photod-l@m energy electron-induced processes in
simple ice mixtures can result in the formatiorpé-biotic molecules. But this chemistry is achiral

it does not introduce a handedness into the reagioducts. A range of mechanisms have been
suggested that could result in the necessary emaetic excess that include photodestruction of
specific enantiomers by circularly polarized VUV/XUn the gas phase or in the icy mantle, and the
enantiospecific electron induced desorption fromtiglas following irradiation with circularly
polarized UV radiation to produce spin polarizedceion emission from the substrate surface. The
combination of X-ray, IR, and optical laser basedbmg with synchronized circularly polarized
VUV pumping will allow the chemical mechanisms gigirise to this primary chiral asymmetry.

4.4 ULTRA-FAST ELECTRON DYNAMICS
4.4.1 X-ray interaction physics

Cross sections for the non-linear response of meatttieigh intensity soft X-rays can be systemalycal
measured by NLS in atoms, molecules and clustdrS. ¢&n greatly improve on existing studies (e.qg.
at FLASH) by delivering a wider photon energy raifg®. 20 eV- 500 eV) and by improved shot to
shot stability of energy and temporal profile thgbuseeding across this energy range. Few
femtosecond soft X-ray pulses will allow new undinsling of the ultrafast response of many
electron systems to high intensity high-frequengktl Photon energies in the range from 20 eV to a
keV are of interest for these measurements (faddrigohotons multi-photon cross-sections are likely
to be vanishingly small and the linear processdisdaminate). Extension of the NLS to provide sub-
femtosecond pulses which approach the timescaleslemtron motions will further refine our
understanding.

Developing an understanding of the ultrafast etestr dynamics occurring upon interaction with
short-pulse high intensity X-ray pulses is a kegaawhere the NLS will further international efforts
towards the goal of single molecule and time remdlmneasurement. There is currently considerable
international activity focussed towards the longvtend high profile goal of imaging the static and
dynamic structure of single molecules via X-rayfrdi€tion. Other methods to achieve the
measurement of structural dynamics, including tremslved photoelectron techniques and time-
resolved X-ray absorption (e.g. EXAFS) are deathvelsewhere in this report. Although these are
powerful techniques for elucidating local structudgnamics of a part of a complex system it is
anticipated that time-resolved X-ray diffractionllvgive complete global structural and dynamical
information. For the successful realization of sirggle molecule X-ray imaging concept, freezing the
motion of nuclei is critical since the high X-rayxes cause massive structural disruption. Curyentl
it is posited that pulses less than 10 fs are @gfft to achieve this — but sub-femtosecond elactro
dynamics may also be critically important as X-raysst scatter from the bound electrons to provide
the images. Indeed, since severe multi-electrozabion results in electrons with 100’s of eV energ

it is anticipated that electrons will leave thegitron attosecond timescales. The subsequent decay
dynamics of the remaining highly perturbed electr@iirough e.g. Auger decay, autoionization) is
poorly understood, but critically important for thealization of this technique. The availability a
NLS of a ~10 fs, 50 eV- 1.5 keV FEL source willoali this problem to be addressed directly, through
studies of the photoelectrons and fragmentatidarge molecules, clusters and nanostructures.
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4.4.2 Measuring multi-electron dynamics

It is anticipated that NLS will provide the capatyil through the HHG sources and the possibility of
intense sub-fs soft X-ray pulses from the FEL, @kencompletely new types of measurements that
uncover ultra-fast electron dynamics. These fdb three categories: (a) following hole dynamics in
matter formed by near instantaneous photoionizationdirectly measuring electron correlation in
multi-electron systems by measuring the signatiuréso-photon, soft-X-ray ionized, photoelectrons,
and (c) real time tracking of coherently exciteelcion motions induced by controlling laser fields.

A powerful approach to studying ultrafast electrdynamics in matter is through following the
relaxation dynamics of a system following removBha electron, or in other words, observing the
“hole dynamics”. In this approach, an electroniiistfrapidly removed from a bound valence or inner
shell state (with a short pump pulse) and the éianuof the remaining electrons into new states
observed using a photoionisation probe. This amproaquires either attosecond pulses as both pump
and probe, or, alternatively, another fast eveng beused as the pump (e.g. strong field ionisation
Recent work using existing HHG methods has estadalighis methodology for atomic samples, but
extension to more complex systems requires the rwsgectrum of photon energies and fluxes
available from a FEL source. Examples of the sdrthing that is of current interest are the
measurement of hole dynamics in molecules and cmedematter (expected to happen ift*100"

s), electron dynamics and damping in plasmons rfofeasing interest to frontier technological
applications of nanoplasmonics), and observingpth&oelectric effect from multi-electron states in
real time. These topics lie at the heart of malteeaponse to electromagnetic fields and so the
outcomes may lead to a better understanding ofntleeaction of large molecules with light and to
new generations of optical and electro-optical dewiand ultrafast semiconductor and nanofabricated
components.

Fundamental understanding of electron correlataontze gained by working in the soft X-ray regime
in which we are able to preserve the electron @i in direct double ionisation induced by a gron
field. Phase sensitive measurements of singlereleavavepackets are presently an emerging tool
using high intensity visible lasers, and the NL3 wuild on this ability by combining short pulse
XUV and strong-field conventional laser physicsaichieve phase and amplitude measurement of
two-electron wavepackets. From these measurenteniriginal state can be recovered, including its
coherence and electron correlations. This will bbuge step in our ability to measure electronic
dynamics and will provide unprecedented insights complex systems, where there may be multiple
states and couplings at play, and provide a hdodieptimising their control.

Coherent control of material processes (physical ahemical) relies upon the generation and
manipulation of electronic quantum coherence thnougeraction with electromagnetic fields. Since
electronic excitation is typically used to meditihe control, even if the end result is control of a
nuclear coordinate, future improvements in the megring of coherent control schemes will require
an ability to manipulate and measure on timescsiiester than the optical oscillations (i.e. sub-fs)
“Instantaneous” probes in the soft X-ray with pulderations much shorter than the electron
coherence periods (i.e. driving laser periods) wilow observation of the evolving electronic
coherence through ionization, or the measuremerdcaftered radiation. This will require sub-
femtosecond soft X-ray pulses synchronised to esthajontrol laser fields with a precision of ~50 as
which will require pulse slicing. With this abilitye anticipate a step function change in our gttt
design optimal laser fields for coherent controlithwmajor benefits to nanofabrication and
pharmaceutical syntheses.

4.4.3 Attosecond Photon Source Science
NLS would provide the facilities required to invigstte the science to develop true sub-femtosecond
and fully coherent soft-X-ray FEL. Those discusbetbw need to have features anticipated in the

initial machine design but all constitute ratheragfhtforward up-grades when they are to be
implemented.
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The simplest method to reduce the poor temporatresite of the SASE output is to seed the FEL
amplifier with a resonant seed source. It has Iséemwn via simulations, using conservative estimates
for seed pulse energies from HHG sources, thatishisasible for wavelengths >10 nm to generate
pulse lengths ~40 fs. These results concur witlermeexperiments demonstrating the principle at
160 nm. This method gives significantly improvechperal coherence, close to the transform limit,
and the potential for short pulse generation wih utput having approximately the same duration
as the seed or the FEL cooperation length, whighisMenger. It can be anticipated that there bl

a phase relationship between the seed input apditofi¢lds of the FEL and, for seed sources such as
HHG and RHHG that require a long wavelength driasef, that a phase relationship also exists
between the drive laser and FEL output. The rapetiate is limited to that of the seed source Whic
for current HHG sources is ~10 kHz. There is arcégaergy in the development of HHG-RHHG and
FEL sources. As the former improve in spectral hepeak power, duration and repetition rate, so the
simpler are the FEL systems required to achiegetaoutput parameters, and the greater the range of
target output parameters become achievable.

Several techniques have been identified that mayte the pulse durations yet further into the
attosecond regime. The most important class ofsidese the pre-modulation of the electron bunch
energy by a carrier envelope phase-locked high poRdaser (typically an 800 nm Ti:Sapphire)
before the bunch enters the radiator undulator. fEsenant FEL wavelength is correlated to this
energy modulation, and it is expected to be possibl selectively filter or amplify a narrow
wavelength band to generate short pulses with widfha fraction of the modulation period. The
energy modulation also allows short regions of éhectron bunch to be correlated to a specific
method that preferentially lases at a given eleceoergy. The above techniques generate single
attosecond pulses (there may be smaller satellitgep about the main pulse) of typical duration

~100-300 as at a target wavelengthgf=1A. For these electron energy pre-modulation methibds

is expected that output at longer wavelengths tyically longer pulse lengths, but even at 10 nm
these will be ~1 fs.
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5 THE CONSULTATION PROCESS

We have been successful in engaging a wide crasgiseof the UK scientific community in
constructing this case. A full account of this mex may be found in appendix 2. Altogether more
than 320 individuals have attended NLS meetingvid&dwas sought from many who were unable to
attend and was received from a good proportion.eAmnailing list of over 900 was used as the
primary means for first contact. A dedicated websivw.newlightsource.orgvas set up in March.

Additionally the NLS science team has taken theoopmity to contact, visit and discuss with a large
number of scientists in the UK and internationallpn Marangos has visited LCLS, XFEL and
FLASH, BESSY and MAX Lab (Lund) in the course oftlkonsultation. Contacts with Italian,
French and Japanese activities have also been opedel Further details of the international
participation in workshops and working groups aveig below.

An important early step was to ensure the engageofdhe groups of people who had led the two
earlier UK FEL activities; the 4GLS project and tBapphire proposal. We believe we have
successfully engaged with these groups througlcdimeposition of the NLS team and the working
groups as well as through the participation inwloekshops.

It is not possible to claim that all potentiallytenested parties have responded. We have had to
operate within tight time constraints imposed byFSTand this may have been a limit to engagement
with some. At the time of writing, it is less théime months since the consultation process was
launched (beginning of April) and in practice thegagement activities had to be confined to the
period from mid-April to beginning of July to coide with the university summer terms. Many
individuals, although expressing interest and exatiusiasm for the project, were unable to attend
any meetings due to work commitments. Neverthelessdo not believe that that the scope or
completeness of this initial science case has Iseeiwusly compromised by the short timescale.
Nevertheless in phase Il it is the intention tangigantly widen contact to engage additional group
(e.g. biomedical researchers).
Below we give the list of meetings and workshopsaoized:

NLS Launch, 11" April 2008, Royal Society London

Electron Dynamics/Attosecond Science, 13th May 200Bnperial College London

High Energy Density Science, 20th May 2008, Ruthesfd Appleton Laboratory

Condensed Matter, 21st May 2008, Rutherford Appleto Laboratory

Chemical Science, 22-23rd May 2008, Daresbury Labatory

Advanced Photon Sources, 34" June 2008, Daresbury Laboratory

Life Sciences, 19th June 2008, Diamond Light Source

International Engagement

NLS is at too early a stage to have sought yet fmmgnal international partnerships or even
endorsements. Nevertheless we have been gratifi¢ebenthusiasm and support received by many
leading international experts who have participatethe consultation process including giving talks
at the various meetings and participating in theking groups:
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Roger Falcone (LBNL/Berkeley, USA) Paul Emma (LC&&ihford, USA)
Marc Vrakking (AMOLF/ Netherlands) John CostelloGD, Ireland)

Richard Lee (LLNL, USA) John Singleton (Los AlamaSA)
Hermann Durr (BESSY, Germany) Alexey Kimel (Nijmegé&letherlands)

Fulvio Parmigiana (FERMI@Elettra, Italy) Michael @&eh (DESY, Germany)
Andreas Wolf (MPI Kernphyik, Germany)  Vitali Averkln (MPIKS, Germany)
Christian Bressler (Lausanne, Switzerland) Marientémuelle Couprie (SOLEIL,

France)
Bettina Kuske (BESSY, Germany) Josef Feldhaus (FHLAGermany)
Alexander Zholents (LBNL, USA) Sven Reiche (UCLASA)
Holger Schlard (FLASH, Germany) Luca Poletto (Paddtaly)
Misha Ivanov (NRC, Canada) Janos Hajdu (Uppsalaf&td)

Filipe Maia (Uppsala)

They have helped stimulate and develop the idepsessed in this case and we look forward to a
strong collaboration with these and other leadimgrinational experts. Collaboration and partnershi
with international bodies will strengthen and dee@nd when there is a concrete proposal tabled.

Research Council Engagement

In addition to STFC we have by now had the oppadtyun discuss our plans and ideas with EPSRC,
BBSRC and MRC. We have received constructive commed general interest and support from all
of these Research Councils. It can only be asrihjeqt advances to a more concrete form that we can
expect to identify specific areas and mechanismdeafper involvement with these bodies. At this
stage we can report that a constructive engagenasnbegun and we look forward to developing this
further in the coming months.

Engagement with other research councils (NERC).e&ef Charities (Wellcome, Cancer UK),
learned societies is anticipated to begin in the phase of the project. It awaits the STFC to eselo
the next phase of the project before this will iEaitable exercise.

Industry Engagement
It is likewise too soon to begin a full consultatiovith industry, this is anticipated to begin ifeth
project goes to the second phase. Certain intergmdies (including participants in the Industrial

Advisory Panel of 4GLS) have already been apprahdbe their views and some useful feedback
already received.
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6. ECONOMIC BENEFITS OF NLS

Although early in the process we can already ifrtinumber of key technology areas where the
science that NLS could produce will provide sigrafit benefit. These include:

Catalysis — the revolutionary improvement likely inunderstanding of the mechanisms of
catalysis will benefit the chemical industry

Radiochemistry — unprecedented time-resolved measaiment of mechanism of damage
mechanisms will result in improved materials for niclear industry

Biomedical imaging capabilities — new methods willbe developed using the high
brightness coherent short wavelength radiation thatmay impact medical research,
diagnosis and therapy

Condensed phase dynamics — better understanding efructural dynamics in strongly
correlated will benefit for example high speed magetic recording technology

Accelerator technology — impetus provided to advared accelerator technology will
benefit next generation of compact accelerators e.@r therapy applications in hospitals

The NLS project can provide a direct coupling toreamic activity in a number of ways. Firstly, as
just elucidated, improved understanding of the &asictural changes that underpin high technology
(nanotechnology, biotechnology, advanced mater@atglysis etc) will lead to long term benefits to
UK industry. Secondly NLS will provide UK industwyith access to advanced high brightness X-rays
for myriad applications. Further NLS will provideflaw of highly trained manpower with skills in
some of the most advanced areas of technology aagurement.

There are also direct benefits to industry throtfyl engagement with industry as contractor and

supplier. NLS will stimulate UK/EU industry througdrocurement of high technology components
and systems both during construction and througbpetational lifetime
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APPENDIX 1
Glossary and Common Abbreviations

ARPES Angularly Resolved Photoelectrg
Spectroscopy

CDI Coherent Diffraction Imaging

EM Electron Microscopy

EOS Equation of State

eVikeV Electron volt/ kilo electron volt

FEL Free Electron Laser

FLASH Free electron LASer Hamburg

HHG High Harmonic Generation

IR Infra-red

IXS Inelastic X-ray Scattering

LCLS Linac Coherent Light Source (Stanford)

LINAC Linear Accelerator

NLS New Light Source

PAD Photoelectron Angular Distribution (s¢
ARPES)

PES Photoelectron Spectroscopy

SASE Self Amplified Spontaneous Emission

Soft X-ray No universally accepted definition- tak
here to encompass the range 100eV-5keV

THz Terahertz

WDM Warm dense matter

XANES Near Edge X-ray Absorption Fine Structure

XAS X-ray Absorption Spectroscopy

XES X-ray Emission Spectroscopy

XFEL X-ray Free Electron Laser Project (DES
Hamburg)

XPCS X-ray photon correlation spectroscopy

XPES/XPS X-ray Photoelectron Spectroscopy (see PE

XUV Extreme Ultra-Violet (10-100eV)

2e

S)

Useful Conversions

Photon energy E= 1 keV WavelengthA=1.24nm HI1/A
5fs pulse durationAt ~ 0.4eV energy spreadE * AE[1/At
w 10 cm* v 0.3 THz wlv
* transform limited pulse
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APPENDIX Il
New Light Source Consultation Process

The first phase of the NLS project was to determtheough wide consultation, the key long-term
scientific objectives for the UK light source stgy and establish the light source capability wedne
to implement that strategy.

This consultation aimed to reach existing usergkoflight source facilities (DIAMOND, CLF, SRS),
supporters of recent proposals (4GLS, Sapphireffadcience community in general.

Consultation Process
The consultation process included the following:
- A project launch, 1 April 2008, Royal Society London, 113 attendeesleking meeting

administration, advertised by email to STFC and M&S and on the STFC web
A series of workshops in five key science areasnduMay and June, convened by co-
ordinators drawn from the science community, adsettby email to STFC and DLS lists,
by flyers to university departments and on the ST#D. These were informal meetings
with significant time for discussion and debate.
Working groups in each of these science areasrtbeiuconsult within their specialisms
and to collate the community views, distilling kawvers and requirements (through June-
August). Membership was by invitation to leading Wientists in each field and
international experts
Individual input was sought via an email invitation STFC and DLS lists; this input
could be either to the project leader, science epeardinators, or via a web-based form
Meetings with Research Council representativey)Jul
Additionally, a workshop on Advanced Photon Sourdasnging together experts to
discuss the technological capabilities and limotagi of both the conventional laser and
accelerator based light sources on which it mayased

Analysis of input

Method Registrations
Attendance at Launch 122
(11" April)

Registered general interest on web 33

(available ~21 March)
Attendance at workshops

Ultrafast Electron Dynamics and Attosec Sciencé; Miay 74
2008

High Energy Density Science; 20ay 2008 69

Condensed matter; 2May 2008 50

Chemical science 62

Advanced Photon Sourcés 81

Life scienceg 51

Total persons 317
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Membership working groups

Condensed matter (co-ordinator Andrea Cavalleri)

Andrea Cavelleri

Oxford, STFC

lan Robinson UCL, DLS
Gabriel Aeppli UCL

Gerrit van der Laan STFC
Paolo Radaelli STFC

Felix Baumberger St, Andrews
Peter Hatton Durham

Chemical science (co-ordinators Jonathan Underwooand Wendy Flavell)

Jonathan Underwood UCL
Wendy Flavell Manchester
Jon Marangos Imperial
Justin Wark Oxford

Peter Barker UCL

Majed Chergui EPFL
Anders Nilsson SLAC

Helen Fielding UCL

Ivan Powis Nottingham
Gopinathan Sankar RI

Martin McCoustra Heriot Watt
Julia Weinstein Sheffield
John Evans Southampton
Sven Schroeder Manchester
Christian Bressler EPFL

Mike Towrie STFC

Ultra fast (co-ordinator Jon Marangos)

Jon Marangos Imperial
Jonathan Underwood UCL

John Tisch Imperial

Matt Zepff QUB

Will Bryan Swansea

Leszek Frasinski Reading/Imperial
lan Walmsley Oxford

Brian McNeil Strathclyde
Riccardo Bartolini DLS

(Justin Wark)

HEDS (co-ordinator Justin Wark)

Justin Wark

Steve Rose Imperial
Roger Evans Imperial
Dave Riley QUB
Gianluca Gregori Oxford
Malcolm McMahon Edinburgh
Nigel Woolsey York
Greg Tallents York

Dirk Gerricke Warwick
Dick Lee LLNL

Life Science (co-ordinators Louise Johnson, Peter Bightman)

Louise Johnson DLS/Oxford
Peter Weightman Liverpool
Tony Parker STFC

David Klug Imperial
Nigel Scrutton Manchester
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Tony Ng Kings
UK distribution of involvement

The distribution of the persons showing interesbss the HEIs and institutes is shown overleaf. The
types of institutes involved are shown below leitw82 UK HEIs represented. The table on the right
shows the total persons, the numbers from ‘progigdivery’ institutes, the numbers of non-UK
people, giving a remainder of 179 people from UKI$1E

total 317

HEIs 32 STFC 71

Facilities 2 DLS 25

accelerator institutes 2 RCs 2
other 7 Cockcroft and Adams 2

RCs 2 NWDA 1

overseas (mostly speakg 37

total institutions 45 remaining 179
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* Participating Institutions
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