Table of Contents

Introductio n ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... . 1

Fourth - Generation Light Sources - 4 GLS ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .. 2

Su mmar yof the scientific and technolo gical o pportu nities of 4 GLS ... .... ..... .... ..... .... ..... .. .. 2

The SRS ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ... 5

Requ est from the No rth West Science Review Tea m ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... 5

Imag ing, Rad iological Science and Technolo gy ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... . 5

Our Backgrou nd ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... 5

Aims ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. . 6

Initial Ro ad map ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... . 6

Dedicated imaging beamline on theSRS ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... 6

Bio mo lecu lar PET Imaging ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... .. 7

Requ est from the No rth West Science Review Team ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... 7

Beams fo r Basic Science and M ed ical Applicatio ns ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... 7

Basic Science Research ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .. 8

Medical T herap y ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... ... 9

Requ est from the No rth West Science Rev iew Team ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... 9

Strategic No rth West Industrial Development ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... . 9

Su mmar y ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... .... 10

References ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... ..... .. ... .... ..... .... ..... .... . 10

Centr e for Accelerator Science, Imaging and Medicine

We propose the establishment of a Centre for Accelerator S cience, Imaging and Medicine (CAS IM) at Daresbury,

building on the ex istinginfrastructure and expertise of the Laboratoryand working in partnership with North West

hospitals, universities and industryto enhance science in the region. The combination of intense proton beams,

synchrotron light sources, free electron lasers and expertisein imagingtechnologyavailable at CAS IM will allow

studies of topics ranging fromthe origin of elements in the universe to the detection of cancer at themolecular level.

We will also develop new imaging technologies that will benefit the research work of the centre and revolutionise

medical imaging. Developments in accelerator technologydriven byCAS IM and UK industrywill allow strong UK

involvement in future international science projects, such as the linear electron - positron collider. As a first step

towards the establishment of CAS IM, we askthat the North West S cienceReview (NWS R) provide fundingfor an

infra - red free electron laser (£7M) and for developing medical imaging facilities (£4.7M). Initial estimates put the

cost of the com plete CAS IM project at £160M to £170M and we request funding for a design study(£0.5M over three

months) in order to resolve essential design parameters and provide accurate costings. We askthat the NWSR

recommend the funding of the full proposal tothe North West S cience and DaresburyDevelopment Group

(NWS DDG).

Introduction

Advances in science, engineeringand medicine are becoming increasinglydependent on accelerators, as is illustrated

bythe range of projects discussed in this proposal. The UK needs a focus to maintain and developour expertise in

accelerator science, to train new accelerator scientists and to exploit the possibilities offered byaccelerators. CAS IM

will provide that focus by:

1) Designing, building and operating fourth generation light sources (4GLS ) based on free electron lasers.

2) Developing and using novel imaging techniques.

3) Operating a proton accelerator for the production of short - lived isotopes for medical imaging and for the

treatment of cancer and designing and building an accele rator for short - lived isotopes for research in nuclear

physics.

The above projects provide the exciting long - term future for DL which are essential if the internationallyrenowned

accelerator science group is to be maintained and students are to be attract ed into the subject. In order to ensure that

sufficient accelerator scientists are trained to satisfythe UK´s futureneeds, several of the universities in the North

West are developingM. Sc. courses in Accelerator Science in conjunction with DL. Ph.D. pos itions are being offered

bytwo North Western universities.

This proposal is acollaboration between:

· F uture users of the 4GLS including the national infra - red community, spokeswoman Dr. Andrea Russell,

S outhampton Universityand users of UV radiation, spo keswoman Prof. W. Flavell, UMIST.

· Medical, clinical and material scientists concerned with imaging technology, spokesmen Dr. Robert Lewis, DL

and Dr. Peter Williams, NW Medical Physics.

· The national nuclear physics community, spokesman P rof. John Durell, M anchester University.

The proposal is co - ordinated byProf. Peter Weightman of Liverpool University, and Liverpool Universitywill act as

lead organisation for the consortium.

Vice Chancellor P rof. P.N. Love

Universityof Liverpool on behalf of

al l the collaborating organisations.

S omeof the science programmes made possible byCASIM are described brieflyin the following. Distinction is made

between those which require full funding and the possibilities opened upbythe fundingrequested fromt he NWSR.

Fourth - Generation Light Sources - 4GLS

The 4GLS free electron laser (F EL) complex will be aworld - leading innovative and unique facility. It will provide

radiation of unparalleled intensityfromthe far IR tothe XUV, serving both the UK low ene rgyresearch community

and a wide range of industrial interests. Japan and the USA have alreadyrecognised the potential of F ELs working in

the IR and VUV regions; 4GLS will move the UK to the forefront of the technologyand exploitation of these novel

lig ht sources.

F ree electron lasers are the next generation of advanced light sources. An FEL relies upon arelativistic electron beam

as its lasingmedium, which provides a unique combination of tunability, coherence, polarisation, time structured

pulses dow n to the ps range, and high laser power. Theycan span the spectrumfrom microwaveto ultraviolet and

potentiallyX - rayregions. All of these features aredelivered with exceptional stability. The applications of F ELs

extend from pure scientific investigat ions of quantumeffects to applied biomedical sciences in the treatment of

cancers and other medical conditions.

The first FEL was demonstrated in 1977 1 . Since then there has been rapid growth in F ELs around the world and there

are now at least 27 facilit ies in operation in the IR and UV 2 . Of these several are well - established user facilities,

including CLIO/S uper - ACO (F rance), FELIX (The Netherlands), and the S tanford FreeElectron Laser Center (CA,

US A). UK scientists currentlyhave access to the FELIX I R facility 3 via an EP SRC funded project. However, this

project will end in the next 18 months and maythen be renewed onlyannually. The access to F ELIX is insufficient to

satisfythe projected UK IR user communityin condensed matter physics alone. The fl exibilityof the design proposed

here will allow the IR - F EL to be used in its own right bya much wider community. However, the full power of the

facilityis realised in the combination of different types of radiation made possible bythe 4GLS facility.

Th e 4GLS will contain three free electron lasers:

· An IR - FEL togenerateradiation in the range 5 m mto 1 mm(microsecond pulses).

· A cavitybased VUV - FEL togeneratevacuumVUV radiation of energy4 - 10 eV.

· A single pass (S AS E mode) XUV - FEL togenerateXUV ra diation of energy10 to100 eV.

The technologyto produce free electron laser radiation is here now but it is demanding. Making FELs work in the IR

and VUV regions is alreadyproven. In the XUV, the Tesla Test F acility 4 has shown that F EL radiation with en ergies

up to 12. 5 eV can be produced but for higher energies development work still needs to be undertaken. The IR and

VUV F ELs will be user facilities but the higher energyXUV - F EL is adevelopment project.

The IR - FEL facilityproposed here is an evoluti on of the designs alreadyin operation at the F OM (FELIX) and

S tanford University(SCA and F IREFLY). The basic components of an FEL are a magnetic undulator, electron beam

and mirrors. As in the Stanford and F ELIX designs we propose a twoLINAC structure t o provide IR light from3 μ m

to 1 mm. The proposed design will enable simultaneous use of the F EL bymultipleusers as well as the innovative

provision of variable polarisation of the mid - IR FEL output. The operatingparameters of two operational F ELs and

the proposed FEL are shown below:

P arameter F ELIX S tanford Daresbury

Wavelength range 5 to 100 μ m 3 to 65 μ m 3 μ mto 1 mm

Macropulse repetition rate / Hz 5 20 50

Macropulse duration 4 μ s 3 to 5 ms 10 to 20 μ s

Micropulse repetition frequency 1 GHz 11. 8 18 MHz 1 GHz

The added value elements of the proposed Daresburyfacilityover the currentlyavailable user facilities are:

· The unique interactive possibilities between thelasers in the 4GLS;

· The provision of variable polarisation IR - F EL;

· The extent of multi - user access inherent in the design;

· The synergywith existing instrumentation and development expertise at Daresburyin accelerators and detectors;

· The interdisciplinaryscientific culture offered bysuch a facility.

Summary of the scientific and tec hnological opportunities of 4GLS

4GLS will offer unparalleled opportunities for the studyof processes occurring on ultra - short time and length scales,

in medicine, biology, chemistry, physics and materials science. The IR - F EL provides a unique facilityin its own right

with applications in imaging and microscopy, the study of cell metabolism, catalysis, phase separation and other fields

detailed below. The full power of 4GLS is realised, though, through the combination of different types of radiation in

th is flexible source which opens up unexplored scientific vistas.

Pump - Prob e S pectroscop y. Two - colour pump - probespectroscopyoffers an enormous range of possibilities in

physics, chemistry, biologyand engineering. One of the sources must be intense, in ord er toinduce a change of state,

and the second source probes changes in states coupled to the pump transition. This is an invaluable tool for probing

excited states, which are often crucial for understanding of non - equilibriumsystems, i. e. all systems tha t do useful

work!Since the two sources have short pulses the changes mayalso be probed as functions of time, directly elucidating the dynamics. The 4GLS will be theperfect sourcefor this, providing a unique combination of IR F EL,

conventional synchrotr on radiation, and VUV FEL. We mention brieflythe variety of topics that can be explored. In

semiconductor physics and technologya prime example would be the next generation of high speed (THz) frequency

optical amplifiers, that will allow modulation of T erabit optical data transmission. There are also thenew ^spintronic~

memories, involvingspin - split conduction band states, where measurement of thememorytime of the F IR - induced

spin polarisation of optical excitons is needed. The studyof molecular fra gmentation as a result of photo - excitation

or ionisation provides information on thewayin which radiation is absorbed bya molecule and how the molecule

disposes of the absorbed energy. Current experiments are limited tothe study of just part of this pr ocess. Two - colour

experiments in the VUV will transformthis picture with the XUV laser used to ionise themolecule and the fragments

identified using the VUV laser. These studies address issues that are fundamental to molecular structure, a necessary

preq uisite for understandingintermolecular reactions. In the biomedical sciences the effects of protein folding and

single residuemutations on the vibrational energytransfer and dissipation 5 within biological systems maybe

investigated, and the synergywit h the BBSRC structural biologycentreat Daresburywill be important. Applications

include photosynthesis and investigating the harmful effects of different wavelengths of sunlight on plants and

animals.

Imaging and Microscopy. The high power, wavelength t unabilityand polarisation characteristics of the IR - F EL,

coupled with recent advances in high resolution, 2D - detector technology, presents significant opportunities for IR

imaging and microscopy. In thenear/mid infrared, detector technologyis well devel oped and via an established

CLRC/Perkin Elmer collaboration, readout times of ~ 6 μ s for a 27 mm 2 active areaare possible. This collaboration

could lead to a spinout company, as it presents significant opportunities for conventional commercial IR sources also.

Recent developments in scanning near - field infrared microscopy(S NIM) present a method of extending the spatial

resolution of the instrument beyond the diffraction limit of theIR - radia

WLRQ�a�

�

P�7UDGLWLRQDO�VFDQQLQJ�WLS�PHWKRGV�

havelimited data collection rates to~1 minute per image, but the ^tipless near - field spectroscopy~ technique 6 has

overcome this and data acquisition rates of 40 ms per image are possible. The powerful combi nation of IR - F EL,

advanced detectors and S NIM presents a unique scientific opportunityfor new areas of chemistry, physics, biology

and medicine. VUV confocal microscop y 7 will allow time - resolved structural studies on organelles and sub - cellular

structures in cell and tissue cultures at spatial resolutions < 100 nm. This is important tothe pharmaceutical industry

and to the development of connections between organic and semiconductor systems. The development of evanescent

wave microscop y 8 has the potential tostudysingle molecules on the surface of the cell in real time.

Cell Metab olism . The effects of drugs on cell division will be studied dynamicallybytuning to chemicallyspecific

bands within drug molecules. The exact delivery of drugs to target sites within the cell will be investigated and

simultaneous F EL - IR pump and synchrotron - IR probe measurements will facilitate simultaneous imaging of the drug

and cellular protein amide Iband. This research is vitallyimportant for the screening of new drugs b ypharmaceutical

companies prior to clinical trials and will exploit existing expertise at Daresburyin cell cultureand IR imaging of live

cells and histological tissue sections 9 .

Comb inatorial Chemistry and Enzymatic Catalysis . Therapid development of f abricated microstructures such as

^lab - on - a - chip~ present novel opportunities for imaging with the IR - F EL. Byimmobilising a combinatorial libraryof

enzymes on the chip, it will be possible to chemicallyimage the plate as reactants flow over the surface. This will

allow high throughput screening of enzymeactivityand build on the uniquecapability of Daresburyscientists to

model microfluidics.

Phase S eparation and Flow Birefringence . The linearlypolarised IR will be used to monitor flow birefringence, for

instance in foods such as yoghurt, chocolate, etc. as theyare extruded through pipes. The induced stress in the

molecules can be monitored via the degradation of the amide bond under flow.

Ballistic Imaging of Patients . IR/VUV - F EL light offers theex citingprospect of imagingtissue to a resolution of a

IHZ� �

P�7KLV�WHFKQLTXH�UHOLHV�RQ�WKH�VKRUW�SXOVH�VWUXFWXUH�DQG�KLJK�LQWHQVLW\�RI�WKH�)(/�DV�WKH�VPDOO�SURSRUWLRQ�RI�

ballistic photons that pass straight through tissue without beingscattered have to be separated fromthe majoritythat

are scattered. The scattered or diffusivephotons blur and distort the image but can be rejected bya fast shutter,

because theytake fractionallylonger to reach thedetector. A shutter fast enough to accomplish this (K err gate) has

recentlybeen developed byCLRC. This technique would provide high resolution structural images to complement,

for example, P ET functional images.

Ab lation and S urface Modification. The high peakpower, tunability, and pulse structure of the VUV and IR F EL

output enable their usein themodification and creation of novel surfaces, for examplebyablation, photon - induced

polymerisation or selective recrystallisation. In polymer processing, for example, the F EL can be tuned selectivelyto

the ca rbonyl absorption band for PET or nylon, thus imparting ordered surface structure on a dimensional scale of 5 to

10 μ m. In dentistry, FEL output at