SCIENTIFIC AND MEDIC AL EXPLOITATION OF A CCELERATOR SCIENCE

Introduction

This is a proposal for three linked scientific programmes based on the coherent exploitation of accelerator science. The case falls into two parts:

1) A request for an initial investment, within the remit of the North West Science Review Team, of ca. £12M. This will establish:

a) A world - class F ree Electron Laser facilityat theDaresburyLaboratoryfor use bytheUK infra - red scientific community(£6M).

b) A series of linked developments in med ical imagingscience, drawing together academic and clinical specialists fromtheUniversities of Liverpool and Manchester and the UMIST, the Clatterbridge and Christie Hospitals, the

P atterson Medical Institute and the DaresburyLaboratory(£6M).

2) An outli ne proposal for a flagship project to be based at the DaresburyLaboratory, exploitingtheskills of the staff and the infrastructure there so as to enhance the scientific base in the North West and boost the regional and national economy.

The flagship pro ject 2) builds on the proposals in 1) and is appropriate for funding bythe North West Science and Daresbury

Development Group. It will establish a uniqueworld - leading facility providing beams of radioactive isotopes for fundamental research and create a major upgrade tothe clinical and isotope production activities currentlyundertaken at the Clatterbridge

Hospital. It will also establish an innovative, fourth - generation, light source (4GLS) F ree Electron Laser complex with world - leading capabilities for research in the biological, physical, nuclear and medical sciences

We appreciate that the substantial investment requested for the flagship project will require a more detailed case than that presented here. In particular it will require two design studie s lasting a total of three months in order to resolve essential design parameters of the instruments needed and provide accurate costings. We request £0. 5M fromthe North West Science Review

Teamfor these design studies.

A keyfeature of this proposal is that it builds on the existing internationallyacknowledged expertise in accelerator science that is present in the DaresburyLaboratoryand at Lancaster University. When combined with future investment in equipment, this will provide unparalleled opportu nities for exploitation in fundamental and applied science and medicine, on the Daresburysite and in the North West universities and hospitals. Further, this expertise provides the basis for UK involvement in future international accelerator - based science projects. The linear collider currentlyunder development bycollaborations based in Europe, the US A and Japan is a case in point. UK scientists will not have access to this machine, crucial to developing our understandingof fundamental physics, unless t he UK make a substantial contribution to the design and construction of the collider. Indeed, the reputation of the Daresburyaccelerator scientists is such, that both the European and American groups have alreadyrequested their support in the design of t he linear collider.

The proposal is a collaboration between:

· The national Nuclear P hysics community, spokesman P rof. John Durell (Universityof Manchester), and groups from�

· The national infra - red community, spokeswoman Dr Andrea Russell (Universityof S o uthampton), and groups from�

· Researchers working in those fields of physics, chemistryand materials science that would benefit from the

4GLS, spokeswoman P rof. WendyFlavell (UMIST)

· The physics departments of the universities of Liverpool, Manchester, UM IS T, S alford, Lancaster.

· Medical/ clinical scientists, spokesman ? �

· DaresburyLaboratorystaff, spokesman Prof. David Norman (DaresburyLaboratory).

The proposal is co - ordinated byProf. Peter Weightman (Universityof Liverpool) and the University of Live rpool will act as the lead organisation for the consortium.

Ra dioa ctive Be a m Facility for Ba sic Science Re sea rch a nd Medical Applica tions

We propose toconstruct a unique, world - leading facilityproviding multiple beams of radioactive ions for nuclear phys ics, nuclear astrophysics, materials, bio - medicine, environmental studies and tests of the S tandard Model. The entireUK nuclear physics communityenthusiasticallybacks this proposal. In parallel with these research goals, the installation will constitute a major upgrade to the clinical and isotope production activities currentlyundertaken at the cyclotron of the Clatterbridge Hospital and will take over these operations as soon as the first phase of the installation is completed.

The proposed facilityw ill put the UK in theforefront of thecurrent global thrust towards radioactive beamaccelerators for nuclear physics research. It has onlyrecentlybeen realised that it is technicallypossible to accelerate not onlystable nuclear species but also unsta ble, radioactive ions. This represents a major advance in the field of nuclear physics and opens up radical new possibilities in other disciplines. However, the development of such facilities is in its infancyand there is as yet noexample worldwide capab le of delivering intense beams of a wide range of radioactive nuclei at the energyof the Coulomb barrier where nuclear reactions reveal most about the quantal states of the nucleus.

The concept hereis to generate beams of a wide range of radioactive spe cies using a high intensity(>100 m A) beamof 200MeV protons froma cyclotron. For neutron - rich nuclei, the primaryreaction would be direct fission of a 238 U target; in excess of 10 14 fissions/sec could be produced, makingthis a world - leading facilityfor this class of nuclei. On the proton - rich side of stability, a variety of targets and light ion reactions should allow access to the full range of species available. Extraction of the ions fromthe target/ion source will bebased on the technologydevelope d over manyyears at CERN - IS OLDE and, more recently, in collaboration with CLRC. Re - acceleration to10MeV/A will be achieved with a superconducting linear accelerator. The result will constitute a next - generation facilityin terms of the breadth of beamsp ecies, intensities and final energyachievable. Thecurrent initiative offers the opportunityfor the UK to provide the leading facilityof its kind in Europe and indeed the World.

Fundamental Science

In Nuclear P hysics beams of radioactive nuclei will al low us to address some of the most crucial outstanding questions in the field. Theywill allow us to explore the absolute limits of existence of nuclei. At present we havelittle idea, for example, of how manyneutrons we can add to the nucleus before it b ecomes unstable to neutron emission in its ground state. Our theories suggest, however, that as we continue to add neutrons, we mayencounter radicallynew phenomena associated with the skin of neutrons building up on the outsideof the nucleus. Indeed, th is will be our best chance to studypure neutron matter. Nor do we know how heavya nucleus can be. We have managed to create small numbers of atoms of the heaviest elements but it seems likelythat we can add onlya few more elements with stable beams. Ag ain, theorypoints to quantumshell structure in nuclei near proton numbers 114 and 126, that gives extra stabilityagainst spontaneous fission. With beams of neutron - rich nuclei we can first explore and understand the mechanisms of reactions leading tosu ch nuclei: then we can start to producethem.

Although motivated primarilybydevelopments in nuclear physics, this will be a multidisciplinaryfacility. It will offer multiple beams of the same range of radioactive ions at a range of energies. F or instanc e, some of the beams created will open a doorway to Nuclear Astrophysics. Theenergythat stabilises stars, and makes them shine, has its origins in nuclear reactions involving the fusion of nuclei. In these processes the chemical elements up to iron are m ade. Beyond this theelements are thought to be created in violent and explosive events such as novae, gamma - raybursters and supernovae. Increasingly, telescopes allow us to observe the elemental abundances for individual astronomical objects but to under stand these abundances requires much more information concerning reactions involvingunstablenuclei. The onlywayto obtain this information is with beams of radioactive nuclei.

Quiteapart fromits intrinsic interest the atomic nucleus provides a unique laboratoryfor tests of various fundamental interactions and the S tandard Model of Particle P hysics. For example, Feynman and Gell - Mann introduced the Conserved Vector Current

(CVC) hypothesis in the theoryof the Weak Interactions. The best test of this t heorycomes fromthe strength of superallowed b decays in specific nuclei. Beams of stable nuclei have allowed us to measure some of the relevant nuclei but we are left with uncertainties in the small corrections that must be applied to the experimental va lues. The production of heavier nuclei in sufficient intensitywill allow the proton number dependent, systematic variations in the corrections to be determined.

Beams of radioactive nuclei will also be of great value in Materials Science. The decayproper ties of radioactive ions implanted into solids are modified by, and hence reveal the nature of, their environment on the microscopicscale. In this sense the ions act as ^spies~on their environment and studies of how their decayis modified usingtechniqu es such as perturbed angular correlations, Mössbauer Spectroscopyand emission channelling reveal the nature of that environment. Radioactive decayalso involves chemical transformation and this can provide a unique chemical signature at theatomic level. Manystandard spectroscopic techniques such as photo - luminescence spectroscopy, capacitance voltage, electron paramagneticresonance, photo - reflectance and DeepLevel Transient S pectroscopyare all chemicallyblind and generallyrelyon an educated guess a bout the chemical nature of defects and impurities. These techniques can be cured of this blindness if thesignals are fromknown radioactive implants. Intense beams of mono - energetic positrons can also be produced, controllable in the range 1eV - 400keV, an d several orders - of - magnitude more intensethan positron sources currentlyavailable in the laboratory. This would allow a large range of studies of subsurfaceregions, interfaces, thin films, surface spectroscopy, microscopyand atomic physics to be pursu ed.

Nuclear techniques have found widespread use in medicine for both diagnosis and therapy. In manyof these applications one uses radionuclides as tracers but in others their decayproperties are exploited for imaging or other purposes. To date radioacti ve tracer applications in vivo have not been fullyexploited because of the limited range of tracers available. With the new facility, a large varietyof nuclear species suitable for differing applications will become available. Bythe same token it will s upplya wide range of species suitable for PET studies. The same tracer techniques are also ideal for the studyof tribologyand environmental problems. F or example, concerns over the leakage of long - lived fission products in radioactive waste storage can be addressed by implanting short - lived isotopes of the same chemical element, hence speeding up simulations of the processes of interest.

Medical Therapy

The choice of a 200MeV proton cyclotron as the driver accelerator provides another crucial role for th e new facility, as a proton radiotherapycentre. There are presently13 proton therapyfacilities world - wide with beamenergies in excess of 150MeV.

Clatterbridge Centre for Oncology(CCO) is the onlygroup in the UK providing proton therapy, with a maximu menergy of

62MeV, sufficient to treat superficial tumours, such as those of the eye. Treatments are provided in collaboration with four specialist ophthalmologycentres that provide a national pattern of referrals to CCO. Onlythree other centres internat ionallyhave achieved a greater level of patient experience for this type of work.

Higher energy beams of protons maybe used to treat deep - seated tumours, presentlytreated using photon (X - ray) radiotherapy.

However, X - rays can damage critical tissues adj acent to the tumour site, and the technique of IntensityModulated Radiotherapy

(IMRT) has been recentlydeveloped totryto overcome these problems. Proton beams have an advantage over photons in that the protons have a finite, energy - dependent, range. Th is extra degree of freedom, not availablewith photon therapy, allows the doses to nearbytissue to be minimised. It has long been recognised that proton therapyprovides the treatment of choice for certain skull - based or spinal tumours such as Chordoma an d Chondrosarcoma, and proton therapyhas provided a vehicle for deliveryof high - dose boosts to other clinical sites such as theprostate.

Although verypromising, proton therapyis a technique in its infancyand much clinical research is needed world - wid e before its routine use: this proposal will catapult the North West groups into the forefront of this research. The efficacyof new treatments such as IMRT needs to be assessed bycomparison with existing `gold standard´ treatments. There is still no clea r understanding of the relative merits of modern proton therapyand IMRT for irregularlyshaped tumours. TheNorth West is better positioned than other centres to undertake such comparison studies as both Christie Hospital and CCO have conformal therapyan d IMRT research programmes in place and have acombined catchment population of about 6 million. CCO provides neuro - oncology services in association with Walton Neuroscience Centre, the largest centre of its type in the UK, and has established stereotactic radiotherapyfor brain tumours and metastases and has recentlyintroduced a programme of stereotactic conformal therapyfor skull - based tumours. This work is to beextended to non - malignant tumours and functional disorders of the brain, and clinical resea rch in this area would be greatlyfacilitated bythe availabilityof high - energyproton beams.

The development of high - energyproton therapywill require provision of a treatment gantryplus a significant increase in the clinical support infrastructure. Im aging facilities will berequired to ensure accurate positioning, which will fit alongside the proposal for development of Daresburyas a centre for specialist imaging. Ultimate accuracywill necessitate research into treatment gatingto avoid organ moveme nt problems, fitting naturallywith Daresburyas a centre for specialist electronics and beamcontrol developments. In addition, a therapy programmeof the type outlined above will involve development of specialist computing which will fit synergistically with expertise at Daresburyin this area.

The proton therapybeamlinewill require onlya few nanoAmps of current. Such beams can therefore be provided in parallel with nuclear physics requirements. The programme toproduce isotopes in support of clinical research and service programmes in the

North West can likewise be run in parallel and greatlyexpanded, as explained previously. In this context, the reduction in distance to the Christie Hospital, which is currentlythe primaryuser of short - lived radioi sotopes, is an added advantage. F urther areas of specialist research maybe to develop energyvariation of the therapybeam(to provide range modulation) whilst maintaining constant energyfor parallel research projects. For theseareas, the specialist exp ertise of the Daresburyaccelerator group will be required.

In short, the proposed new facilitywill permit the scientific communityto carryout an exceptional rangeof research over many scientific disciplines while simultaneouslyprovidinga considerabl yenhanced capabilityfor proton therapytreatment and radioisotope production in the North West. Totakeadvantage of this unique opportunityrequires an investment to begin design and construction.

Costing

The total cost of the facility(including £4M c ontingency) is estimated to be £50M (all figures exVAT): £17. 5M for the driver accelerator and shielding (immediate benefit: proton therapyand source production); £2.5M for the treatment gantry; £10M for high - activitytarget and low - energytransport line (non - nuclear science programme); £16M for ion source, postaccelerator, control and services (nuclear physics programme). The Nuclear P hysics facilitywill require instrumentation for the science programme.

A considerable amount of moneyhas been and is be ing invested in equipment used bythe Nuclear Physics communityat overseas laboratories. It is foreseen that much of this equipment will be returned to the UK to be installed at theproposed facility. Further instrumentation will be provided fromgrant re quests to EP SRC duringthe period running up to the radioactive beamfacility goingonline. The fact that the facilitywill be world - leading means that collaborators fromcontinental Europe will make significant contributions to the instrumentation of the laboratory.

Advance d Ima ging Ce ntre

Despitethe enormous growth of imaging science, there is no UK centre of excellence. We propose to establish such a centre, dedicated to improving all aspects of the subject ˘ image production, detection, storage, analys is, and visualisation ˘ bymeans of a network toco - ordinate the expertise scattered throughout the North West and take advantage of cross fertilisation between areas such as medical imaging, materials science, detector development for particle physics, li fe sciences, non - destructive testing and others.

S tate of the art facilities, especiallybut not exclusivelyfor medical imaging, will be located in several centres, creating an outstandingmultidisciplinaryteamof sufficient size and statureto make the North West a world leader in advanced medical and industrial imaging.

Imaging technology

Detector Development Daresbury, UMIST and Liverpool University

Advanced source instrumentation Daresbury: synergywith advanced isotope production and 4GLS

Magnet ic resonance Walton Centre for Neurology& Neurosurgery(WCNN), HopeHospital,

Manchester & Liverpool Universities

P ET ManP ET, Liverpool

CT ????

X - radiography North Western Medical Physics (NWMP )

Image engineering UMIS T

Image analysis and visualisati on IS BE - Manchester University, UMIS T, S alford, Daresbury

Medical Imaging

Medical P hysics NWMP, Clatterbridge, Royal Liverpool

Neurology Hope Hospital, WCNN, Clinical Research F acility

Oncology Christie, Clatterbridge, P reston

Non - d estructive Testing

Materials science Manchester University, UMIS T

Civil Engineering S alford University

Despitetheapparent diversityof the technologies and applications mentioned above there is considerable overlap between them.

In recent times, a consistent pattern has begun to emerge in which the requirements for imaging are increasinglyfunctional instead of purelymorphological. In medical imagingthereis a clear need to determine the three dimensional distribution of substances such as drugs as a function of ti me. This requirement is mirrored in the industrial arena where such imaging could playan essential role in improving manufacturing processes or materials performance. Non - destructive testing is of enormous importance because destructive measurements are t ime consuming and are not easilytranslated into 3D maps of damaged areas.

The network will have as its primaryaim the enhancement of existing and the development of new imaging techniques together with the pursuit of the research that such technologies makes possible. In addition, the network will playa major role in training students and existing professionals. It is envisaged that the combined expertise would feed into existing courses such as the

Manchester M.S c. in imaging. In addition refresher and update courses will be run tokeep healthcare professionals and industrialists informed of the current `state of the art´.

The keyto the success is to tightlylink the imaging technologytogether with the imaging requirements and to facilitate this we wi sh to create a series of joint appointments between institutions. One example would be joint appointments between Daresbury and the medical schools to ensure that instrumentation developments remain correctlyfocussed. The imaging requirements reside in tw o important areas, medical imaging and non - destructive testing for engineering.

On the medical side, several of the partners associated with this proposal have an established imagingnetwork ˘ ManPET, which serves as a model demonstrating the feasibilityo f such a cross - institution network. This was established for the development and exploitation of medical imaging using P ositron Emission Tomography(PET) in the North West. It draws together scientists from a wide range of disciplines (biological scientist s, radiochemists, pharmacologists, physicists, image data analysts, bio - mathematical modellers and clinical scientists), to focus on imaging - based research in oncology, neuroscience, and cardiovascular science. ManPET has been successful in establishing a collaborative research programme that is clinicallyand biologicallydriven.

The addition of the imaging technologypartners to this network in conjunction with innovative mathematical techniques, will complete the range of skills necessaryto make signifi cant advances in P ET science. S uch a multi - disciplinaryresearch approach offers a powerful means to provide unique information that cannot be obtained in anyother way, and is not available anywhere else in the world.

We have identified that theultimate aimis to develop rapid three dimensional time resolved molecular imaging at resolutions down tosub micron levels. Since all disease states are associated with changes in cellular and/or tissue biochemistrywith consequent effects on tissuestructure, the presence and type of disease can be detected byanalysing tissue molecular structure.

The abilityto make time resolved three - dimensional molecular maps in vivo would not onlyrevolutionise disease diagnosis but also the subsequent therapy. Modern therape utic interventions such as linear accelerator based stereotactic radiosurgeryand drug deliverytechniques aiming at focal delivery of potent drugs via microcatheters into diseased areas are onlypossible with the three dimensional identification of the d iseased area totarget therapeutic efficacy. In addition, advanced imaging is vital to individually monitor the effect of therapyon the disease process and bydoing so, detect pitfalls of current therapeutic approaches and design new treatment strategies.

F unctional imaging has allowed enormous advances in the understanding and treatment of the epilepsies. In the near future, it may replace invasive electrophysiologyto identifyfoci of epileptic activityin the brain and should revolutionise the current s implified surgical approach of removal of an anatomical area wherein the epileptic activityis located. S ince epilepsyis a functional disease, it is foreseeable that a localized modification of neuronal function byeither pharmacological or other means is far more appropriate. This will only be possible if the altered function can be localized 3 - dimensionallywith sufficient accuracyso that treatment can be directed preciselyto the focus.

In oncology, the potential of molecular imaging techniques is enor mous. Recent data fromthe Daresburygroup clearly demonstrates that significant differences can be detected between, normal breast tissue, benign lesions and malignant tumours using onlyscattered X - rays. Thesameworkhas shown that differences in tissue structure can bedetected several cmfrom a tumour leading to the possibilitythat such changes maybe used to detect tumours that would otherwise be much too small to be detected.

As a start to building up a comprehensive imaging network, we have identif ied twoareas that can make an immediate impact on science and which build upon existing strengths. These are positron emission tomographyand advanced X - rayimaging.

Initial facilities

Dedicated imag ing beamline on th e SR S: the X - ray Imag ing ^Gold Standar d ~

Transmission X - rayimaging has a century - old historyand the basic technique has changed little in that time. Recent experiments at Daresburyand abroad have demonstrated that novel techniques, exploiting characteristics of the scattered radiation, are now set to take X - rayimaging onto a completelynew level. We propose to combine synchrotron radiation, radical detector development and advanced statistical signal processing to produce aworld - leading investigatoryinstrument which will provide both very high resolution imaging and tomography, initiallya few

�

P�ZLWK�D�PHGLXP�WHUP�DLP�RI�VXE - � �

P�UHVROXWLRQ�DW�D�ZLGH�UDQJH�RI� energies. This dedicated beamline will be a ^gold standard~ systemfor X - rayimaging and will be inherentlymulti - functional, taking full advantage of directlytransmitted, diffracted and secondaryphotons. It will allow diffraction enhanced imaging (DEI) which exploits X - rayrefractive effects and produces images of extraordinarycontrast.

Trials involving Daresbury, Manchester Breast Screening S ervice and the Christie Hospital have demon strated that, even with transmission imaging, synchrotron X - rays can be used with ~10x reduction in dose over existing clinical techniques. The enhanced contrast and reduced dose means that an immediate programme could be established to investigate the fea sibilityof the technique for screening young women at high risk of breast cancer, aproblemthat conventional mammographycannot address.

The detection of coherentlyscattered X - rays as well as thosethat are transmitted allows thecreation of images that are sensitive to molecular structure. The most exciting potential application will be to differentiate tissue types and detect various pathologies such as malignancy. The full potential of this technique can onlybe realised with radical detector developm ent. We will strengthen the existing collaborations between Daresburyand UMIS T on detector projects byaddingthe Liverpool silicon detector centre to create the world leading X - raydetector development consortium. We will alsowork closelywith P hilips

M edical Imagingin Hamburg todevelop a coherent scatter computed tomography(CS CT) systemfor medical use.

7KH�DELOLW\�WR�ZRUN�LQ�WKH� �

P�VSDWLDO�UHJLPH�ZLOO�RSHQ�QHZ�ILHOGV�RI�VWXG\�LQ�ERWK�PDWHULDO�DQG�OLIH�VFLHQFHV�DQG�ZLOO�DOORZ�WKH� studyof manypathologies which are well beyond the scope of medical CT machines. The new instrument will make possible the non - invasive imaging of delicate structures in their native 3D relationships, contrasting with current techniques such as micro - toning which distort specimens and destroy vital information. Examples include geneticallyinduced defects in embryos, full 3D stru ctures of insect neural systems, the internal structures and communication systems of cells. Of immense importance will be the addition of CS CT and fluorescence techniques, which will allow elemental and molecular maps to beproduced. One example is the st udy of the trabecular structure and mineral distribution in bone, a major interest within Manchester medical school dueto its importance in osteoporosis.

F or engineering applications, similar advances will be possible with the new instrument. For example, polymer composites are now beingintroduced into the wingset of Airbus aircraft yet verylittle is known about the cumulative effects of impact damage due to the lack of adequate testingtechniques. Usingmicro - CT we will be able to visualise the damage non - destructively, thus facilitating the monitoring of the evolution of impact damage during fatiguecycling or after successive impacts. Moreover, it will also be possible tocombine tomographic imagingwith strain measurement, the potential of which has alreadybeen proven bythe proposers. Tomographic slices of damaged regions individual S iC fibres within a Ti matrixwere imaged and correlated with the level of strain in that fibre and the resulting stress concentration caused bythe damage event. This t echnique has great potential for identifyingcritical regions in components and assemblies and then evaluation of thelocal stress level. In a recent round robin comparative study, tomographywas identified as the best method of monitoring the densificatio n of powder compacts and sintered products. However, it was found that the procurement of tomographyfacilities was outside the financial capabilities of the SMEs involved in the study. The availability of an expertlystaffed central facilitywould circumv ent this problemgiving competitiveadvantage to UK companies, especiallythose in the North West. The new instrument at Daresburywill complement the capabilities of the Unit for Stress and Damage Characterisation (USDC) facilityin Manchester and it is e nvisaged that staff will be seconded fromone to theother. This will establish the North West as afocus for UK engineeringX - rayimaging.

PET Prog ramme

Leading - edge medical imaging research is pivotal to this proposal. P ositron Emission Tomography(PET) functional imaging allows the studyof biochemical processes at themolecular level in - vivo and in real time. PET offers the potential to provide new insights into disease mechanisms and the effectiveness of target - specific therapy. F or multi - disciplinary P ET research to be conducted at a world - class level, state - of - the - art facilities in all areas are necessary.

P ET imaging systems for both patient and animal studies are operational on the Christie/P aterson site, using radioisotopes produced using the cycl otron at the Clatterbridge Centre for Oncology, and new radiochemistrylaboratories at the P aterson

Institute for Cancer Research. The lack of a cyclotron on the Christie/P aterson site is a serious disadvantage for work utilising short - lived isotopes and s o it is proposed to purchase a commercial cyclotron as part of this proposal.

The scope and depth of functional imaging research will be substantiallyenhanced through the establishment of radioisotope production based on the radioactive beamfacilitypro posed for the Daresburysite. In conjunction with the small animal pet camera described below this would createa trulyworld class PET research facility.

S ma ll Ani ma l PET Camera

The sensitivity of current small animal P ET cameras is poor (< 1%) and const rained bythe trade - off between the camera sensitivityand the image quality. In - vivo characterisation of new radioligands and radiotracers is vital to move the field forward and demands P ET scanners, which are more powerful than current systems.

We propo se to build aPET camera with a complete coverage of gamma rayemission angles using acylindrical geometrywith de - mountable end caps. The detectors will be fabricated from germaniumhaving 2D position sensitivity. There will be two concentric layers of t hese detectors, the outer layer havinga high stopping power for the gamma rays. Using this configuration as a Compton camera, the direction and energyof the incoming gamma raycan bedetermined, as well as its position. This will allow the accurate use o f events in which oneor other of the gamma rays have been scattered to largeangles. A far greater proportion of the total emission can therefore beincluded in theimage reconstruction, improving the sensitivitybyat least 10 times. The projected count rates fromthe camera of 108 per second will require the design of fast asynchronous event processing, for which the DaresburyLaboratoryinstrumentation group is internationallyrenowned. The detector modules will be provided by our industrial partners, P erkin - Elmer, froma novel design made in collaboration with them.

The synergybetween the development of the radiochemicals, state of the art detector and systemdesign, and advanced imaging technologywill be a strong feature of thepartnership between Da resburyand the North West medical imaging community. The establishment of the above mentioned facilities as a resource for medical imaging research will strengthen the science base in the region, and establish the North West as a world centre of excellenc e in functional imaging research.

Medical Technolog y Group

The creation of a dedicated group of 5 - 6 high qualityinstrumentation scientists and engineers at Daresburywith the specific remit of developingmedical instrumentation would be a major step forw ard in linking clinical with basic science and instrumentation.

S uch a group would be unique in havingaccess tothe advanced physics engineering facilities on the Daresburysite, whilst also being tied intoa North Western clinical network. The groupwoul d be responsible for thedevelopment of advanced X - rayimaging techniques utilisingthe dedicated imaging beamline and also for the development of the small animal P ET scanner.

Initial costing

F or the first stage of the Advanced Imaging Centre, which is re adyto start now, we seek fundingof £6M fromthe North West

S cience Review Team. The later developments, appropriate for financial support fromthe North West Science and Daresbury

Development Group, will require further funds of £8M?.

The bid to the Nort h West S cience Review Teamcomprises £2M for the imaging beamline on the S RS ; £1M for thesmall animal

P ET scanner; £1. 5M for the cyclotron at Christie Hospital; £1M for an upgrade to radiochemistryfacilities at the Patterson

Institute and £0. 5M for new i maging facilities at ManPET.

Fourth - Genera tion Light Source s - 4 GLS

The 4GLS free electron laser (F EL) complex will be a world - leading innovativeand unique facility. It will provide radiation of unparalleled intensityfromthe far IR to the XUV, serving b oth the UK low energyresearch communityand a wide range of industrial interests. Japan and the USA have alreadyrecognised the potential of FELs working in the IR region; 4GLS will move the UK to theforefront of the technologyand exploitation of these novel light sources.

F ree electron lasers are the next generation of advanced light sources. An FEL relies upon a relativistic electron beamas its lasing medium, which provides a unique combination of tunability, coherence, polarisation, time structured p ulses down to the ps range, and high laser power. Theycan span the spectrumfrommillimetre tovisible and potentiallythe ultraviolet toX - rayregions. All of these features are delivered with exceptional stability. The applications of FELs extend fromp ure scientific investigations of quantumeffects to applied biomedical sciences in the treatment of cancers and other medical conditions.

The first FEL was demonstrated in 1977 (1). S ince then there has been rapid growth in F ELs around the world and there are now at least 27 facilities in operation in the IR and UV (2). Of these several are well - established user facilities, including CLIO/S uper -

ACO (F rance), F ELIX (The Netherlands), and the S tanford FreeElectron Laser Center (CA, US A). UK scientists curre ntlyhave access to the F ELIX facility via an EPS RC funded project. However, this project will end in the next 18 months and maythen be renewed annually. The access to FELIX is insufficient to satisfythe projected UK user community. Locating a new IR - F EL at

DaresburyLaboratorywill provide UK scientists with a flexible radiation source in an environment which will enable new interactions with other advanced light sources (the S RS and other parts of 4GLS ) openingup unexplored fields of enquiry.

The 4GLS facilitywill contain three free electron lasers:

· An IR - FEL togenerateradiation in the range 5 m mto 1mm(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 electron laser radiation is here now but it is demanding. Making electron lasers work in the IR and

VUV regions is alreadyproven. In the XUV, the Tesla Test FacilityFEL has shown that electron las er radiation with energies 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 a development project. We req uest fund ing fromthe North West S cience

Review Teamtob uild the IR - FEL facility now.

IR - FEL

The IR - F EL facilityproposed here is an evolution of the designs alreadyin operation at the FOM (F ELIX) and S tanford

University(S CA and F IREFLY). The basic components of an F EL are a magnetic undulator, electron beamand mirrors. As in the

S tanford and F ELIX designs we propose a two LINAC structure to provide IR light from3 μ mto 100 μ m. The proposed design will enable simultaneous use of the F EL bymultiple users as well as the inno vative provision of variable polarisation of the mid -

IR F EL output. The operating parameters of two operational F ELs and the proposed FEL are shown:

P arameter F ELIX S tanford Daresbury

Wavelength range 5 to 100 μ m 3 to 65 μ m 3 to 100 μ m

Macropulse repeti tion 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. 818 MHz 1 GHz

Micropulse width ps ps ps

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

· The unique interaction with theother components of 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 Daresbury in accelerators and detectors.

· The interdisciplinaryscientific culture offered bysuch a facility.

Summary of the scientific and technolog ical op portunities of th e IR - FEL at the 4GLS

Pump - Prob e S pectroscopy. Two - colour pump - probespectroscopy offers an e normous range of possibilities in physics, chemistry, biologyand engineering. One of the sources must be intense, in order to induce a change of state, and the second source probes changes in states coupled to the pump transition. This is an invaluable to ol for probing excited states, which are often crucial for understanding of non - equilibriumsystems, i. e. all systems that douseful work! If the two sources have short pulses then the changes mayalso be probed as functions of time, directlyelucidatingt he dynamics. The 4GLS will be the perfect source for this, providing a unique combination of IR FEL, conventional synchrotron radiation, and VUV F EL. Wemention brieflythe varietyof topics that can be explored. In semiconductor physics and technologyap rime example would be the next generation of high speed (THz) frequencyoptical amplifiers, that will allow modulation of Terabit optical data transmission. S uch amplifiers have yet tobe studied in depth due tolackof suitable combinations of optical/IR sources. There are also the new

^spintronic~ memories, involvingspin - split conduction band states, where measurement of the memorytime of the F IR - induced spin polarisation of optical excitons is needed. In the biomedical sciences the effects of protein f olding and single residue mutations on the vibrational energytransfer and dissipation within biological systems maybe investigated, and the synergywith the BBS RC structural biologycentre at Daresburywill be important. Applications arelikelyto includ e photosynthesis and investigating the harmful effects of different wavelengths of sunlight on plants and animals. The non - bonding, environmental interactions which exist in condensed phase systems mayalso affect vibrational lifetimes, e. g. pump - probemea surements maybe a sensitive probeof ligand - protein interactions in the binding pocket of metallo - proteins and enzymes.

Imaging and Microscopy. The high power, wavelength tunabilityand polarisation characteristics of the IR - F EL, coupled with recent adva nces in high resolution, 2D - detector technology, presents significant opportunities for IR imaging and microscopy. In the near/mid infrared, detector technologyis well developed and via an established CLRC/Perkin Elmer collaboration, readout times of ~6μ s for a 27mm 2 activearea are possible. This collaboration could lead to a spinout company(see letter of support), as it presents significant opportunities for conventional commercial IR sources also. Recent developments in scanning near - field infrared mic roscopy(SNIM) present a method of extendingthe spatial resolution of the instrument beyond the diffraction limit of the IR -

UDGLDWLRQ�a� �