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EXECUTIVE SUMMARY

1.  INTRODUCTION

1.1  The GBTDP was established to take forward the recommendations contained in Chapter 4 of the report of the OIM Strategic Review Panel, to draw these together with the plans of the radioastronomy community and to develop a costed UK plan for the development of the existing optical, infrared, mm and radio ground-based facilities over the next ten years.  

1.2  It was concerned with developments that enhance observational capability, including new instruments, new facilities and instrument and facility upgrades, but not with telescope operations, maintenance or management.

1.3  For the optical, IR and mm telescopes, the Panel’s plans are firmly based on the recommendations of the OIM Panel concerning the specific future roles and development requirements of the telescopes.  These recommendations were founded on wide consultation and have received broad support.

1.4  The Panel endorses the view taken by the OIMxe "OIM" Panel that all the current OIM telescopes are highly-productive world class facilities with important specific roles, complementary with one another, with Gemini and with current and planned space-borne missions.

1.5  The telescopes can only fulfil their prescribed roles and remain internationally-competitive if they have a continuous programme of enhancements, upgrades and new instruments.  With such a programme, keeping them equipped with state-of-the art instrumentation, they can remain excellent front-rank facilities for many years.  There should, indeed, be no place in the STFC’s astronomy programme for facilities that are not amongst the best in the world.  

1.6  The approach taken by the Panel was:

1.6.1  to define the minimum effective development programme required to enable all the telescopes to fulfil their complementary roles and to remain internationally-competitive over the next 5-10 years;

1.6.2  to identify some of the other important and scientifically exciting developments that would further enhance the capability of the telescopes, but which are not essential to maintain their competitiveness, which are therefore lower priorities and which fall outside this minimum effective core;

1.6.3  to define a reduced development programme, constrained to fit a limited funding guideline;

1.6.4  to draw attention to some possible medium to large-scale capital development projects for which there are, or are likely to be, persuasive scientific cases for UK involvement during the ten year period addressed by the Panel.  Participation in some projects of this nature is essential if the UK is to retain its front-rank position in astronomy well into the next century.

1.7  The Panel’s report  in no way usurps the roles of the various telescope boards and committees.  They will continue to take the final decisions concerning the development of the facilities for which they are responsible.  The Panel’s role is to develop a UK strategy, covering all the facilities, and, in the case of the telescopes covered by international agreements, this strategy can only be carried forward by the UK representatives on the telescope boards and committees.

1.8  The  Panel recognises that the development programme recommended for the next ten years will evolve and that plans laid now can only be indicative of the overall strategy and direction of the programme: they cannot be set in stone.  Technology evolves rapidly and there must be enough flexibility to allow a rapid response to new opportunities.  In addition, further detailed consideration by the programme managers will almost certainly result in improvements to the plan.  The Panel feels it is important that a ground-based facilities committee should be formed with the task of, among other things, overseeing the plan’s evolution.

2.  MINIMUM EFFECTIVE PROGRAMME

2.1  The minimum effective programme is summarised in Figure 1. 

2.2  The main features of the programme for each of the current telescopes are as follows.

WHT

2.3 It is recommended that the WHTxe "WHT - William Herschel Telescope" should remain a front-rank full-capability wide wavelength-range (uv/optical/near‑IRxe "IR"), wide-field (up to one degree) telescope supporting a range of excellent instrumentation.  The superb group of optical spectrographs will remain the mainstay for analytical astrophysics and its multi-object spectroscopic surveys will define observational cosmology for the next decade.  The initial development of adaptive optics is centred on the WHT and the provision of a natural guide star system is the main focus of the development programme in the immediate future.  In the longer term, a low-power laser beacon adaptive optics programme is recommended, for which the WHT, on account of its aperture and site, is uniquely well-suited.

2.4  Major new instruments recommended are a near-IR spectrometer and fibre feed to exploit the wide-field capability of the Autofib-2 fibre positioner, a near-IR spectrograph to exploit the natural guide star adaptive optics programme and a UV-optimised high-dispersion spectrograph to gain access to the far-blue region of the spectrum, an area in which the WHT is well placed to stake out an important role, enhancing its complementarity with other large telescopes, including Gemini.

2.5  An on-going programme of detector enhancements is also required to keep the telescope at the state of the art.

INT

2.6  The main role for the INTxe "INT" over the next 10 years will be in deep imaging surveys using wide‑field CCDxe "CCD" mosaics at Prime focus, follow‑up spectroscopy of objects discovered in surveys at various wavelengths and intermediate‑dispersion, single‑object spectroscopy of brighter objects. This is the way this telescope has been used for several years and it has proven to be very effective.  The telescope has a stable instrumentation suite, adapted to this role, and the main requirement over the next few years is for a programme of detector upgrades.  A programme of new instrumentation, particularly for wide-field imaging, will be required towards the end of the ten year period to maintain the telescope’s competitiveness, but its precise nature will depend on, among other things, the impact of Gemini and it is too early now to specify the requirements in detail.

JKT

2.7  The JKTxe "JKT" will continue to be a dedicated imaging telescope. The recommended development programme, comprising upgrades to its optics, together with provision of a simple tip‑tilt mirror and matched detectors, will place the JKT in a unique position as the first ground-based telescope of a significant aperture to deliver near-diffraction-limited imaging in the optical.
UKIRT 

2.8  UKIRT will remain the UK’s premier IR-optimised telescope.  In the short-term, the completion of the current upgrades programme will make UKIRTxe "UKIRT" the world’s best IR imaging telescope and the immediate priority is to exploit this capability through the acquisition, as quickly as possible, of a fast-track high angular resolution camera, incorporating a 10242 HgCdTe array instrument optimised for the 1-2.5m region.  This would not provide any capability at 3-5m and it is recommended that a full specification 10242 imager and grism spectrometer covering 0.8‑5.5µm should supersede the fast-track camera as the main instrument exploiting UKIRT’s high quality images.  This would become the workhorse UKIRT instrument, providing flexible spectroscopic and imaging capabilities.

2.9  In the longer term, wider field programmes are likely to become increasingly important, partly in direct support of Gemini programmes, but also because this will be an extremely competitive use for an IR-optimised 4m telescope in the era of 8m and larger telescopes.  The current, slow, f/35 focal ratio is not optimal for wide-field applications, so a priority is for a new, faster, f/16 (for compatibility with Gemini) secondary mirror, with tip-tilt capability. 

JCMT

2.10  The recommended development programme for the JCMTxe "JCMT" aims to maintain its position as the world’s-leading mm/sub-mm single-dish telescope and to develop its role in interferometry.  The main elements are:  (i) a programme of new instrumentation, primarily a B-band array, followed by a camera operating in either the C or D band; (ii) continued improvements in the efficiency of the facility (software and surface improvements); and (iii) a programme aimed at achieving sub-arcsecond imaging, using the JCMT with other telescopes in a sub-millimetre array, that builds on previous developments involving the Caltech Submillimetre Observatory.

AAT 

2.11  The AATxe "AAT" should remain a full-capability optical/NIRxe "NIR" telescope providing, among the current suite of telescopes in which the UK is a partner, unique access to southern hemisphere skies.  After the arrival of Gemini South, the main emphasis will be on wide-field applications.  The current level of investment in new instruments should be continued, but because the AAOxe "AAO"’s plans are still evolving, a programme has not been defined in detail.  The main recommended priorities for the near-term, however, are the acquisition of the IRIS 2 infrared imager/spectrograph, a Cassegrain spectroscopy upgrade and an UCLES upgrade to obtain full wavelength coverage on 40002 CCDs.  

MERLIN 

2.12  MERLINxe "MERLIN" should continue in its role as a high angular resolution (subarcsecond) radio telescope.  Its baseline coverage in the 50-200 km range puts it in a unique niche between connected-element interferometers (e.g. Westerbork and the VLAxe "VLA") and very long baseline interferometers (e.g. the EVNxe "EVN" and the VLBAxe "VLBA").  The development programme aims to enhance MERLIN’s performance, and maintain its competitiveness, by improving frequency flexibility; increasing the frequency coverage (to 15GHz, giving 20 milliarcsecond resolution); and improving receiver calibration.  A major part of this programme of performance improvements is the refurbishment of the Defford 25m telescope so that it will operate well at 15 GHz and have the capability for full frequency flexibility.

2.13  MERLIN also has an important role in the European VLBI Network (EVNxe "EVN") and the development programme includes enhancements to MERLIN as the UK’s contribution to maintaining the competitiveness of the EVN.

Unspecified developments

2.14  The recommended detailed development plan tails off towards the end of the ten-year period.  This does not represent an anticipated decline in the programme, but is an artefact caused by the difficulty of foreseeing detailed requirements several years in advance. The recommended programme therefore includes an opening wedge towards the end of the period for new developments that cannot at this stage be identified with any degree of certainty, but which would certainly be required to maintain the competitiveness of the facilities over this period.  It is fixed at such a level that the purchasing power of the development programme is kept constant from 1999/00 onwards.

Underpinning R&D

2.15  The programme also includes a line for underpinning technological R&D.  Such a programme of R&D, carried out primarily in universities, is an essential requirement if the recommended development programme is to be carried out.  The expectation is that it would be funded competitively through research grants, as is currently the case.

Total programme

2.16  With the unspecified wedge of development funds, the expected UK contribution to Gemini developments and provision for underpinning R&D, the programme averages £6.2M p.a.

3.  NON-CORE ITEMS - AN IDEAL PROGRAMME

3.1  A number of other developments would enhance the capability of the telescopes and improve, still further, their competitiveness, but are not included within the minimum effective programme summarised above.  Notable examples include upgrades to CGS4xe "CGS4" and adaptive optics (natural guide star system, deformable mirror and low-power laser system) on UKIRT, the provision of an Ultra High Resolution Facility on the WHT, new instruments for the INT and JKT and major enhancements to MERLIN, including a replacement for the obsolete Wardle Telescope, the addition of an eighth telescope to fill in the E-W baseline coverage and the use of optical fibres for the transmission of the MERLIN links back to Jodrell Bank, thereby making possible 1 GHz bandwidth observations and a major increase in sensitivity.  This fully-funded ideal programme would average £8.6M p.a.  Its profile is shown in Figure 2.

4.  EFFECT OF A FINANCIALLY CONSTRAINED PROGRAMME

4.1  Also shown in Figure 2 is a reduced programme, which has been constrained to fit a notional funding guideline of about £4.2M p.a. on average.  With the inclusion of underpinning R&D it averages £4.8M p.a.   

4.2  The main consequences of moving from the effective programme to this reduced programme would be as follows: 

· it would impair very seriously the competitiveness of the JKT (no tip-tilt adaptive optics, so no high resolution role), restricting its ability to fulfil the role assigned to it; 

· it would weaken the front-rank stature of the WHT (because of cuts to the adaptive optics and new instrumentation programmes which would impair its imaging quality compared with other 4m telescopes), the AAT (which would have a limited future instrumentation provision so would probably lose its general purpose role), MERLIN (which would have no EVN developments) and the JCMT (no B-band array phase 2 or surface upgrades phase 2 and a much reduced and delayed programme of innovative new projects - weakening its role as the leading single-dish mm/sub-mm telescope); 

· it would, in the longer term, endanger the continued competitiveness of the INT (even in a highly specialised role) and UKIRT by removing any allowance for future (2000-2005) unspecified developments. UKIRT’s recommended near-term effective instrumentation programme is retained in the constrained programme, reflecting the high priority attached to exploiting the upgrades programme.  However, its development line tails off towards the end of the ten-year period and the scope for restoring it within the constrained profile is very limited.  An implication of the constrained programme is therefore that during the second half of the ten-year period, UKIRT will decline and lose competitiveness.

5.  OTHER DEVELOPMENTS - MEDIUM TO LARGE SCALE CAPITAL PROJECTS

An immediate requirement: the Very Small Array (VSA)

5.1  The VSAxe "VSA", a joint project between MRAOxe "MRAO" and NRALxe "NRAL", is the culmination of a 

programme of research on the cosmic microwave background by these groups, with the first detection of primordial anisotropies obtained using the NRAL beamswitching experiments, in collaboration with the IACxe "IAC" and MRAO, followed by the detection of anisotropies with MRAOs’ Cosmic Anisotropy Telescope.  Cosmic microwave background anisotropies measured over a range of angular scales provide a unique and direct probe of the origin of structure in the Universe.  

5.2  The VSA proposal has been thoroughly reviewed and the Panel endorses earlier recommendations concerning its scientific merit and urgency.  It would keep the UK at the forefront of this exciting field, have a wide impact on cosmological research and capitalise on the unique strengths of the groups involved.  The Panel recommends it as an immediate and high priority new capital project.  Its cost would be £2.6M over five years.

Longer-term possibilities

5.3  The following projects have been identified by the Panel as being leading candidates for possible new capital projects in the longer term.  Their scientific cases will need to be fully assessed before priorities can be determined between them. They are not therefore presented in any priority order.  The projects in the optical/IR/mm region, in particular, emphasise increases in angular resolution, the highest priority technological objective identified by the OIM Panel.

Large Millimetre Wave Array

5.4 Interferometric arrays are the only practicable way to achieve significant improvements in angular resolution in the millimetre waveband, since single dishes are already diffraction limited and close to their practical diameters.  Proposals currently being developed for new large millimetre arrays would provide an order of magnitude greater collecting area compared with existing arrays and much higher angular resolutions, down to 0.1-0.05 arcseconds. Such arrays will require international consortia and observing time is likely to be available only to participating countries.  An array would cost $150-200M in total, with a minimum contribution from participating countries of order $15-20M at current prices.

Optical/Near-IR Interferometric Array

5.5  Despite the achievements of the HSTxe "HST" and the promise offered by adaptive optics, the resolution of all foreseeable monolithic optical/IR telescopes will not exceed 40-20 milliarcseconds.  Higher resolutions will only be achieved with interferometric arrays.  In the medium-term the only practicable approach to optical/NIR interferometry will be with arrays similar to existing prototypes, but on better sites, with more telescopes of a greater size. The UK, with the experience gained with the Cambridge Optical Aperture Synthesis Telescope, is in a strong position to play a major role in this sort of development.  An array of 15 telescopes (of aperture up to about 1m), located on Tenerife, would cost around £4M at current prices.
Arcminute Microkelvin Imager

5.6  Future studies of the cosmic microwave background, building on the results it is hoped the VSA will produce, will require large field arcminute-scale observations to search for the precursors of galaxy clusters and for cosmic strings.  This will require a specialist instrument and current plans comprise seven 7m dishes operating at 15 and 30 GHz.  The construction cost would be £2.7M over four years at current prices.

High-power laser beacon adaptive optics

5.7  High-order laser beacon adaptive optics systems, and their associated instrumentation, offer potentially enormous scientific gains (diffraction-limited imaging at 0.5 microns on a 4m telescope).  Current cost estimates of the necessary R&D programme are high (>£10M at current prices), but might be defrayed through industrial and international partnerships.

Square Kilometer Array

5.8  The need for a radio array with a collecting area of 106 m² (approximately two orders of magnitude larger than the VLA) to achieve subarcsecond resolution at decimeter (<5 Ghz) wavelengths has been recognised by the international radio community.  This would permit high resolution observations of neutral hydrogen out to z=10 and have other applications over most of radio astronomy.  The collecting area would be distributed over several hundred km. The Dutch have made significant progress on project design and a detailed proposal is expected to be ready in 1997/98. The cost of the array is estimated to be of order $200M and construction could start just after 2000.  To be a significant partner the UK would have to consider contributing around £20M during the first decade of the 21st century (at current prices).
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1.
INTRODUCTION

1.1
BACKGROUND AND SCOPE OF THE REVIEW

The Optical/IR/mm Strategic Review Panel (OIM Panel), which reported in January 1995, laid out a general strategy for the future roles, and associated development, of the existing ground-based optical, infrared and mm telescopes.  This strategy, which is contained in Chapter 4 of the report of the OIM  Panel, builds on and develops the complementarity of the telescopes  with each other, with Gemini and with space-borne facilities.  It aims to provide the range of capabilities needed to address the scientific problems the OIM Panel identified as likely to be the most important over the next 5-10 years.

The Ground-based Telescopes Development Panel (GBTDP) was established to take forward this general strategy,  to draw it together with the plans of the UK radioastronomy community and to develop a detailed, costed UK plan for the development of the existing ground-based facilities over the next ten years.  It was charged with considering developments that enhance the observational capability of the telescopes, including new instruments, new facilities and instrument and facility upgrades, but it has not been concerned with telescope operations, maintenance or management.  Its terms of reference and membership are at Annex 1.

The Panel’s report is in no way an attempt to usurp the roles of the various telescope boards and committees.  They will continue to take the final decisions concerning the development of the facilities for which they are responsible.  The Panel’s role has been to develop a coherent, coordinated UK strategy, covering all the facilities, and, in the case of the telescopes covered by international agreements, this strategy can only be carried forward by the UK representatives on the telescope boards and committees.

Although its main emphasis has been on the development of the existing common-user telescopes, the Panel has also considered major new ground-based optical, IR, mm or radio facilities, not necessarily designed for common-user access, for which there exists now, or may exist in the future, a strong case for funding.  In this area, the Panel has again, for the optical/IR/mm area, followed the general strategic objectives laid down by the OIM Panel.

The Panel has not considered the measuring machines, Schmidt Telescope or astrometric facilities, nor ground-based developments falling outside the optical, IR, mm or radio fields (e.g. EISCATxe "EISCAT", gravitational radiation, dark matter).

The Panel met four times between August and November 1995.  It received input from the Royal Observatories (for UKIRT, JCMT, Gemini and the ING), the AAO and, for the radio components, from NRAL and MRAO.

1.2
RATIONALE AND APPROACH

The Panel’s proposals are firmly based on the recommendations of the OIM Panel concerning the roles and development strategies for the telescopes.  The OIM Panel’s recommendations on these matters were founded on wide consultation and have received broad support.  The Panel endorses the view taken by the OIM Panel that all the current optical/IR/mm telescopes are highly-productive world class facilities with important and specific roles, complementary with one another, with Gemini and with current and planned space missions such as the HST, ISOxe "ISO" and FIRSTxe "FIRST" (at optical, IR and sub-mm wavelengths), and, at shorter wavelengths, ROSATxe "ROSAT", AXAFxe "AXAF", IUExe "IUE" and XMMxe "XMM".

However, the telescopes can only fulfil their prescribed roles and remain internationally-competitive if they have a continuous programme of enhancements, upgrades and new instruments.  A telescope facility on a remote site is an investment that is not made lightly.  It should be regarded as an investment for a generation or more.  Instrumentation and detector developments throughout the telescope’s lifetime can increase its power and effectiveness out of all proportion to that of the original design.  With such a programme, the telescopes can remain front-rank facilities for many years.  There should, indeed, be no place in the STFC’s astronomy programme for facilities that are not amongst the best in the world.  

The approach taken by the Panel was:

to define a minimum effective development programme required to enable all the telescopes to fulfil their complementary roles and to remain internationally-competitive over the next 5-10 years;
to identify some of the other important and scientifically exciting developments that would further enhance the capability of the telescopes, and for which there exist strong scientific cases, but which are not absolutely essential for maintaining their competitiveness and are therefore lower priorities and fall outside this minimum effective programme;

to define a reduced development programme, constrained to fit a limited funding guideline (about £4.8M pa);

to draw attention to some possible medium to large-scale capital development projects for which there are, or are likely to be, persuasive scientific cases for UK involvement during the ten year period addressed by the Panel.  Participation in some projects of this nature is essential if the UK is to retain its front-rank position in astronomy well into the next century.

The Panel emphasises that any detailed development programme it recommends for the next ten years can only be indicative of the overall strategy and direction of the programme: it cannot be set in stone.  Plans laid now will certainly evolve as technology advances, new opportunities arise and priorities change.  The Panel feels it is important that a permanent ground-based facilities committee should be formed with the task of, among other things, overseeing the plan’s evolution.

1.3
Structure of the report

Chapter 2 of the report is concerned with the future roles and complementarity of the telescopes, Chapter 3 describes a development programme for the existing telescopes to enable them to fulfil those roles and Chapter 4 considers the case for major new capital developments.  Some conclusions are drawn in Chapter 5.

2.
THE FUTURE ROLES AND COMPLEMENTARITY OF THE TELESCOPES

The current telescopes, available as national facilities, consist of:

the Multi-element Radio-linked Interferometry Network (MERLIN) for radioastronomy, operated by the University of Manchester’s Nuffield Radio Astronomy Laboratory at Jodrell Bank and comprising seven telescopes contributing baselines from 6km to 218km and connected in real time by radio link to a correlator at Jodrell Bank;

the 15m mm/sub-mm James Clerk Maxwell Telescope (JCMT), in which the UK is a partner with Canada and the Netherlands; and the 3.8m UK Infrared Telescope (UKIRT), both located on the summit of Mauna Kea, Hawaii;

the Isaac Newton Group (ING) of optical telescopes at the Observatorio de los Muchachos on La Palma, comprising the 4.2m William Herschel Telescope (WHT), the 2.5m Isaac Newton Telescope (INT) and the 1.0m Jacobus Kapteyn Telescope (JKT), operated by the Royal Observatories on behalf of two partner countries, the UK and the Netherlands;

the 3.9m optical/near-infrared Anglo-Australian Telescope (AAT), funded equally by the UK and Australia at the Anglo-Australian Observatory (AAO) at Siding Spring Mountain, New South Wales.

To these will be added the two Gemini telescopes, with Gemini North due for completion on Mauna Kea in 1998 and Gemini South in Chile in 2000.

The existing telescopes currently form a balanced and complementary suite of facilities and a large fraction of ground-based programmes involve observations from more than one of them.  New discoveries in astrophysics, whether from ground or space, require intensive analytical work in order to understand the physics of the sources, and here a wide range of wavelengths and techniques, right from the UV to the radio, are required.
Aperture size, field of view, emissivity, wavelength optimisation, image quality, site quality and instrument range all contribute to the complementarity of the telescopes.  Thus the telescope with the largest aperture or the highest spatial resolution is not always the best suited to a particular astrophysical problem.  Many observations, for example of relatively bright objects, are better done on smaller  telescopes, leaving the larger ones to concentrate on fainter sources.  Stellar astrophysics, for example, is one field ideally supported by smaller telescopes such as the JKT.  Furthermore, some techniques will not be implemented on telescopes larger than 4m for the foreseeable future.  Wide-field astronomy is one such example and this will be an increasingly important role for the 4m telescopes in the Gemini era.

The wide-field capability of the smaller telescopes give them an important role in carrying out surveys to identify sources for further study with larger telescopes.  For example, when the era of 4m class telescopes began, it was the identification of candidate objects by the 1m Schmidt telescope that allowed the UK to further its world-leading role in optical astronomy.  Similarly, in the era of 8m telescopes, 2-2.5m telescopes, such as the INT, will be needed to identify promising candidates for observation. 

Furthermore, low-order adaptive optics can be extremely effective at optical wavelengths on small telescopes, where it is capable of delivering diffraction-limited resolution.  Larger ones, however, need increasingly higher-order systems and adaptive optics with laser beacons, in particular, is much  more complex on large telescopes.

But of course there are many important and exciting areas where large aperture is essential.  These include thermal infrared observations (e.g. of protostars) and studies of very faint distant objects, which tend to be limited by photon flux.  It is in these sorts of areas that Gemini will specialise.   

The telescopes not only complement each other, but also ground-based telescopes operated by other countries (for example, particular efforts are being made to coordinate instrument development on La Palma to avoid duplication between the INGxe "ING" and the other large telescopes there, the Telescopio Nazionale Galileo and the Nordic Optical Telescope) and, most importantly, space-borne facilities.  For example, in 1995, 22% of the observing programmes on the ING telescopes, 20% of those on UKIRT and 31% of those on the AAT involved observations made in conjunction with satellite-based work. The UK’s considerable involvement in existing and future astrophysical space missions will generate a continued high demand for associated ground-based observations.  Indeed, there is probably no longer such a person as a purely ground-based observer.  Progress in all fields of astrophysics requires access to the broad range of wavelengths that only an integrated ground- and space-based programme can provide. The telescopes therefore not only generate world-class science in their own right, but also help to maximise the scientific exploitation of the UK’s investment in space missions.

As emphasised by the OIM Panel, the future development of the current telescopes should maximise their complementarity with each other and with Gemini.  The overall development strategy aims to optimise the use of current and planned facilities in order to deliver a wide range of techniques without overlap.  The telescopes will have the following specific roles:

MERLIN

MERLIN should continue in its role as a high angular resolution (subarcsecond) radio telescope; with a baseline coverage, in the 50-200 km range, giving it a unique niche between connected-element interferometers such as Westerbork in the Netherlands and the Very Large Array (VLA) in New Mexico and very long baseline interferometers such as the European VLBI Network (EVN) and the Very Long Baseline Array (VLBA) in North America.  It also has an important role as part of the European VLBI Network (EVN), which is capable of achieving particularly high resolutions.

JCMT

The JCMT is the world’s leading single-dish mm/sub-mm telescope.  It should continue to operate in this role and should also, increasingly, become involved in interferometric arrays with the aim of achieving sub-arcsecond resolution.

UKIRT

UKIRT’s role should continue to be as a specialised IR-optimised telescope, with particular emphasis in the immediate future on high angular resolution imaging and, longer-term, on wide-field spectroscopy, an area where it will most effectively complement Gemini’s narrower field.

WHT

It is recommended that the WHT should remain a general‑purpose wide wavelength-range (uv/optical/near‑IR), wide-field (up to one degree) telescope supporting a range of instrumentation.  The superb group of optical spectrographs will remain the mainstay for analytical astrophysics and, in partnership with the AAT in the south, its multi-object spectroscopic surveys will play a crucial role in observational cosmology over the next ten years.

The WHT also has a unique resource in the GHRILxe "GHRIL" Nasmyth platform, which allows development of instrumentation in a laboratory environment.  For this reason, initial development of adaptive optics is centred on the WHT and the programme will ensure that the WHT can deliver image quality on a par with Gemini.

INT

The main role for the INT over the next 10 years should be to undertake the deep imaging surveys, using wide‑field CCD mosaics at Prime focus, needed as input to follow‑up programmes on Gemini and the WHT.  It will also carry out follow-up spectroscopy of objects discovered in surveys at various wavelengths and intermediate‑dispersion, single‑object spectroscopy of brighter objects.

JKT 

The JKT should continue to be a dedicated high resolution imaging telescope, with lower collecting area and smaller field than the INT, but capable of significantly higher spatial resolution. Upgrades to its optics, together with provision of a simple tip‑tilt mirror and matched detectors, will lead to extremely impressive imaging performance, with near-diffraction-limited angular resolution at optical wavelengths.  It will concentrate on relatively bright objects (allowing larger telescopes to concentrate on fainter sources) and on projects requiring long observing runs.

AAT

The AAT should remain a general purpose optical/near-IR telescope providing, among the current telescopes in which the UK is a partner, unique access to southern hemisphere skies.  After the arrival of Gemini South, the main emphasis is likely to be on wide-field applications, where it will be most complementary with Gemini.  Together with the WHT in the north, its multi-object spectroscopic surveys will define observational cosmology for the next decade.

The following chapter describes a detailed development programme for each of the telescopes, comprising the minimum programme needed to enable the telescopes to fulfil these roles and to remain internationally competitive, together with some additional developments that would further enhance their capability.  Approximate costs and staff requirements for the proposed developments are shown in Appendix 1, Tables 1-8.

3.
A DEVELOPMENT PROGRAMME FOR THE EXISTING TELESCOPES

3.1
MERLIN (INCLUDING VLBI)

3.1.1
INTRODUCTION

MERLIN operates at five frequencies - 151 MHz, 408 MHz, 1.3-1.7 GHz, 5 GHz and 22 GHz - and provides very high angular resolution.  At 5 GHz it is capable of imaging at a resolution of 50 mas (the same as the HST), with angular resolutions at other wavelengths in proportion.

Its sensitivity of 50 µJy per beam per day of observation at GHz frequencies allows the detection of optically thick thermal emission, in addition to improving the sensitivity for studies of non-thermal sources, for which MERLIN has long been noted.

The astronomical programme of MERLIN is wide ranging, covering stellar, galactic and extragalactic topics.  It has included studies of star formation, active stars in binary systems, evolved star winds and pulsars.  HII regions and planetary nebulae are detectable with MERLIN using its high surface brightness sensitivity.  Extragalactic studies include investigations of nearby Seyfert and star-forming galaxies, the structures of radio galaxies and quasars and gravitational lenses.  MERLIN is also a recognised astrometric instrument, complementing the results of the HiSTFCos satellite. 

Very Long Baseline Interferometry (VLBI) provides a higher angular resolution than any other astronomical technique. The UK VLBI activities are incorporated into the MERLIN National Facility operations. Jodrell Bank telescopes participate in 4 European VLBI Network (EVN) observing sessions each year, with one joint MERLIN-EVN session a year.  These sessions may include other telescopes around the world in global VLBI (increasingly using the US Very Long Baseline Array (VLBA)).  Most observations are made with the Lovell 76m or the Mk2 25m telescopes at Jodrell Bank and the 32m telescope at Cambridge.

Space VLBI observations, promising even higher resolution, will begin in 1997 with the launch of the Japanese 8m VLBIxe "VLBI" Space Observatory Programme (VSOPxe "VSOP") telescope, promising a baseline of up to 30,000km and angular resolutions down to 0.1 milliarcseconds.  It is scheduled to be followed by the Russian 10m Radioastron telescope with even longer baselines and higher resolution.  Space VLBI requires coordinated ground-based observations and the EVN has to upgrade its telescopes so that they conform with the wide-band capability required for VSOP.

3.1.2
MINIMUM EFFECTIVE DEVELOPMENT PROGRAMME

MERLIN’s baseline coverage gives it a unique and complementary role among the world’s radio interferometers, but to fill its role adequately, it must be kept up-to-date.  The minimum programme of developments needed to achieve that is outlined below.  It will enable the major contribution to international radio astronomy already made by MERLIN to be maintained and enhanced.  Additional developments, beyond this minimum programme, would establish a presence in emerging fields to which the UK could make a significant contribution in the next century.

3.1.2.1
MERLIN Developments

The MERLIN Steering Committee has recommended a development budget of £200k p.a.  The Panel endorses that recommendation.  The following are the highest priority developments for funding within that envelope. 

3.1.2.1.1
Frequency Flexibility

Frequency flexibility has been rated as the highest priority by the MERLIN Steering Committee and MERLIN users and work on its implementation is underway.  It is needed to give observers a wide choice of frequency within an observing session and to allow multiple-frequency mapping during a single observation.  The current system allows MERLIN to switch frequency rapidly within a frequency band, but to change to another band requires a complete change of receivers which takes several weeks.  The goal is to be able to change between frequency bands on a timescale of just one minute.

With this in place, MERLIN will be able to respond quickly and flexibly to targets of opportunity.  New types of programme will become possible, e.g. multi-frequency monitoring of transient phenomena.  Frequency flexibility will also increase observing efficiency, both by avoiding long equipment change-over periods and by enabling MERLIN to respond rapidly to ionospheric or atmospheric phase conditions.

3.1.2.1.2
New MERLIN Frequencies

MERLIN’s frequency coverage should be expanded to match that of other complementary arrays, especially the VLA and VLBA.  The first new frequency band identified by the MERLIN Steering Committee and the users is 12.0-15.4 GHz.  This will give a threefold improvement in sensitivity over the current high frequency (22 GHz) system and a resolution of 20 milliarcseconds, compared with the VLA’s 150 miliarcseconds.  This band will be particularly valuable for stellar research and will also cover the important 12.2 GHz maser transition of methanol and transitions of rotationally excited OH and formaldehyde.

Extending the lower limit of MERLIN’s 1370-1730 MHz frequency band would provide the opportunity to study more highly redshifted H and OH emission lines corresponding to a range of velocities of particular astrophysical interest.

3.1.2.2
Refurbishment of the Defford Telescope

The Defford Telescope is central to the array, as the common element in all the 100km baselines, the range where MERLIN is unique.  In addition to being made frequency flexible, Defford needs upgrading to improve its performance at 5GHz and to allow useful operation at higher frequencies such as 15 GHz.  Until Defford is refurbished the mapping performance of MERLIN at high frequencies will remain poor, so this is an essential development.

3.1.2.3
EVN developments

The EVN is carrying out a major upgrade, involving the introduction of a wideband MkIV tape recording system.  In parallel it has drawn up a programme of upgrades to individual stations which will keep the EVN competitive into the next century and able to participate in space VLBI programmes.  The UK should participate fully in these developments.  Many of them are in common with the MERLIN upgrade plan (e.g. frequency flexibility), but the most scientifically valuable development would be to overcome the lack of available bandwidth when the Cambridge 32m telescope is used via the MERLIN microwave link.  It is recommended that, to achieve this, a VLBI recording station should be set up at Cambridge, removing the need for the microwave links.  In addition, new receivers should be provided to expand the frequency range available for VLBI.

3.1.3
ADDITIONAL DEVELOPMENTS

The following are additional developments that would further enhance MERLIN’s capability, but which fall outside the minimum effective programme.

3.1.3.1
Improvement in mapping fidelity

3.1.3.1.1
Replacement of the Wardle Telescope

Mapping fidelity becomes increasingly important as radio astronomy progresses beyond an initial break-through towards more detailed astrophysical analysis.  For example, MERLIN’s discovery of the shell structure of OH-IR sources was made using only two baselines, whereas the detailed analysis of the OH shells is now done with high-sensitivity measurements using the full 7-telescope array. A further enhancement of the mapping fidelity of MERLIN could be provided by replacing the obsolescent Wardle telescope. This could be done using an existing redundant communication antenna.  It would cost about £1M to equip and link an existing telescope into MERLIN.

3.1.3.1.2
Extra Telescope in MERLIN

On the longer timescale it would be appropriate to add an 8th telescope to improve MERLIN’s east-west baseline coverage and provide better mapping fidelity and sensitivity at low declination (where most of the Galactic sources lie). It is widely agreed that the optimum size for a mapping array is 8-10 telescopes.  The cost of a new 25m telescope would be about £5M.

3.1.3.2
Improvement in sensitivity - broadbanding MERLIN

Increases in sensitivity invariably lead to advances in science.  This explains the drive in optical astronomy to increase sensitivity by a factor of 4 by going from 4m to 8m diameter telescopes.  In radio astronomy developments in technology mean that similar advances in sensitivity can be made by increasing bandwidths.  This drive for higher sensitivity radio imaging through increased bandwidth is the force behind several developments which are underway or planned around the world.  Typical bandwidths being considered are around 1 GHz.  For example, the VLA is planning a major upgrade for the turn of the century which will include a 1GHz bandwidth capability and the EVN is in the process of upgrading to 0.5 GHz.  As MERLIN uniquely fills the baseline coverage between the VLA and the VLBI networks (50-200 km), there is a strong case for a radical increase in bandwidth from its current 32 MHz to about 1GHz.  This would increase the sensitivity by almost an order of magnitude.

New high frequency bands of 8.4/10.6, 31 and 43 GHz would be needed to bring the full benefits of the wide bandwidth.  These would give MERLIN a beam of only 4 milliarcsec at the highest frequency.  With the sensitivity to match, MERLIN would be able to resolve thermal sources in external galaxies (e.g. PNxe "PN", HIIxe "HII" regions).

New spectral lines of methanol, silicon monoxide, and other molecules would be accessible in the high frequency bands.  For some sources MERLIN would also have the sensitivity to map hydrogen recombination lines in thermal sources at milliarcsecond resolution for the first time.

The increased sensitivity would enable MERLIN to search a volume of space more than ten times greater than at present, for any given class of continuum source currently studied.  It would also bring new types of target into the range of the instrument.

Broadbanding could be achieved by using optical fibres for the transmission of the radio astronomy bands back to the Jodrell Bank correlator.  Although the use of optical fibres is not at present economically viable, this situation is expected to change in the next five years.  There would then be a strong case for proceeding with the provision of optical fibres (cost £5M) and the construction of a 1 GHz correlator (cost £3M).

3.1.3.3
Space VLBI

It is likely that a space VLBI project will emerge following the VSOP and Radioastron missions due for launch in 1997. These missions will use 8-10m telescopes and uncooled receivers.  The new project would include a telescope of about 20-25m diameter and substantially more sensitive receivers.  It too will require the involvement of ground-based telescopes, such as MERLIN, which will need recording systems compatible with the space sector. On the timescale of the present review a small sum (£0.3M) would be required for feasibility studies to enable the UK to play a substantial role in this project.

3.2
UKIRT

3.2.1
INTRODUCTION

There have been remarkable technological developments in the infrared over the past decade.  Large and highly sensitive detector arrays have been developed and brought into operation, and it has been realised that major improvements in image quality, i.e. nearly-diffraction-limited images with significant Strehl ratios in the near-IR, are offered by low-order “tip-tilt” adaptive optics.  As a result, more than ever before, the field of infrared astronomy is wide open, with crucial research opportunities now for telescopes of 4 to 8m aperture.  Currently the UK is at the forefront of infrared instrumentation and astronomy in many areas and, in UKIRT, has one of the world’s best IR-optimised telescopes on the world’s best infrared site.

3.2.1.1
Current and Forthcoming Instruments

The present UKIRT instrument suite comprises a near-IR (1.5µm) imager (IRCAM3xe "IRCAM3"), a 1.5-5µm spectrometer (CGS4) and a low resolution mid-IR spectrometer (CGS3xe "CGS3"), to be replaced in 1998 with a versatile mid-IR array spectrometer/camera, called MICHELLExe "MICHELLE".

MICHELLE will utilise a 1282 or 2562 array to provide broad and narrow band imaging and long-slit low and high resolution spectroscopic capabilities in the mid-IR (7-25µm).  It will operate at or near the diffraction limit of UKIRT and will be shared between UKIRT and Gemini.

3.2.1.2
UKIRT Upgrades Project

The UKIRT Upgrades Project has improved the support and optomechanical alignment of the primary mirror and will provide new active primary support and secondary alignment systems, to produce near-diffraction-limited intrinsic image quality, and a fast guider and adaptive tip-tilt secondary system to provide image stabilisation against seeing and other disturbances.  This work is being undertaken in collaboration with MPIAxe "MPIA" Heidelberg who are providing the new top end complete with a new secondary.  The new secondary will eventually be silver-coated, significantly reducing the telescope emissivity.

Models suggest that in average seeing and with almost complete sky coverage, the tip-tilt system should deliver K band images with FWHMxe "FWHM" between 0.2 and 0.3 arcsec, and rather better in good seeing.

Improvements are also being made to the thermal environment to suppress or eliminate facility seeing by cooling the primary mirror, reducing heat leaks into the dome, improving the natural ventilation of the dome and increasing its forced ventilation.  These should ensure that good seeing at UKIRT becomes even more common than it is at present.

When these enhancements are in place (about mid-1997), and provided they are fully exploited, the telescope is expected routinely to deliver K-band images around 0.25 arcsec FWHM and sometimes less than half this size.  This is well before images of similar quality can be expected from other 4m telescopes, including the WHT* , or from Gemini, and it will be, at that time, the world’s best ground-based infrared imaging telescope.  Its scientific output should then be second to none, particularly in areas, such as the following, where large scientific gains are likely from near-IR observations at high spatial resolution and sensitivity:

· Star formation studies on solar system-sized linear scales (50 AU), measuring the circumstellar disks and companions, both morphologically and spectroscopically.

· Deep stellar census of globular and open clusters combined with discovery and spectroscopic follow-up of brown dwarfs, exploiting high spatial resolution capability in crowded fields.

· Studies of compact clusters of luminous stars in obscured HII regions and the galactic centre including measurement of the stellar winds.

· Studies of AGNxe "AGN"s, permitted and fine structure lines including obscured nuclei.

· Distinguishing between starburst and compact nuclei in dusty galaxies and further examination of evolved stellar populations to determine star formation history and its role in galactic evolution.

· Studies of rest-frame optical lines in high redshift galaxies and QSOxe "QSO"s.

· Identification of X-ray and gamma-ray sources, many of which are strong infrared emitters, either because they are heavily obscured (Cyg X3) or because some of the high energy radiation is thermally re-processed by dust.

· Investigation of the transition of AGBxe "AGB" stars to planetary nebulae, including spectroscopic and spatial mapping of non-spherical morphologies.

· High-S/Nxe "S/N", high-resolution spectroscopy of interstellar absorption features to study large organic molecules and their relation to dust grains.

· Studies of the composition of dust grains and molecular cloud chemistry.

· Studies of supernovae in external galaxies, exploiting high angular resolution and infrared wavelengths to observe them in crowded regions.

3.2.2
MINIMUM EFFECTIVE DEVELOPMENT PROGRAM

3.2.2.1
High resolution imaging and spectroscopy

3.2.2.1.1
Instrumenting the Upgraded UKIRT

The priority in the near term is to exploit the high resolution images to be delivered by the upgrades programme.  This will require low-background instruments providing imaging pixel scales around 0.1 arcsec and below.

Arrays of 10242 InSb for 0.8-5.5µm offering markedly lower read noise are about to become available.  These arrays will allow arcmin fields of view at pixel scales sufficiently fine to sample the improved images.

Arrays of this size will be available in both InSb and HgCdTe photovoltaic materials.  UKIRT has up till now utilised InSb only, in part because of the wider wavelength coverage, from less than 0.8µm to more than 5.5µm (the 3-5 µm range is of particular importance for studies of circumstellar and interstellar media).  HgCdTe may nevertheless offer particularly low read noise in the near future, which is critically important for an IR fast guider or shift-and-add capability.

Since the new InSb arrays are also expected to offer a major improvement in read noise, it appears likely at this stage that this will continue to be the material of choice for the large arrays.  HgCdTe, if employed, will probably be confined to use as a guide sensor.

The gain over existing UKIRT instrumentation from the provision of  0.8-5.5µm instrumentation, utilising the 10242 arrays identified above to exploit the predicted tip-tilt corrected images stems from the raw number of pixels, improved detector noise performance or, in the background limit; smaller background per pixel.  These factors are nominally multiplicative and the maximum gain in scientific productivity, expressed in terms of speed, is predicted to be about 200.

At a minimum, spectroscopy with 10242 instead of 2562 arrays should normally realise a productivity gain of at least 4, and certainly more on resolved sources.  The full benefit of one or other of the noise reduction factors will always be realised and the   productivity gain will typically be 20-50, with much higher gains possible for some programmes.

Near-diffraction-limited (~0.1 arcsec) K-band spatial resolution also offers an additional scientific advantage arising from the capability to resolve previously unseen structures.

3.2.2.1.2
Limitations of Existing Instruments

Both IRCAM3 and CGS4 have been enormously successful and are recognised world leaders in their fields.  The recent upgrades from 58x62 to 2562 arrays are enabling them to continue to perform excellent science.  

However, high angular resolution imaging with IRCAM3 must be done via the external warm lenses and by accepting the small field-of-view, reduced throughput and higher thermal background.  The limitations of its 12 year old optical design, and the constraints of its small cryostat do not suit it to accommodating large (1024²) arrays.

CGS4 can be used with the long focal-length camera with its 0.6 arcsec pixels, which will give good throughput, whilst accepting reduced wavelength coverage.  It will remain competitive in many respects for some years, but in the longer term, it too cannot accommodate 10242 arrays, nor can its present pixel scales fully utilise the improved image quality of UKIRT.  The large pixels will impose higher-than-necessary backgrounds and loss of spatial resolution.  In good seeing the match to the telescope performance would in all respects be poor.

CGS3 provides no capability for long slit spectroscopy or high resolution spectroscopy.  

At present UKIRT also has no in-house capability for imaging at mid-IR (7-25µm) wavelengths, but this will change with the arrival of MICHELLE which will utilise a 1282 or 2562 array to provide broad and narrow band imaging and long-slit low and high resolution spectroscopic capabilities in the mid-IR.  It should satisfy the 7-25m imaging and spectroscopic needs of the UK community for the foreseeable future. 

The immediate requirements for the future are therefore in the near-IR.   It is clear that in this region an enhanced instrument suite encompassing both spectroscopy and imaging is essential if the upgraded telescope is to be fully exploited.

3.2.2.1.3
Fast-track high angular resolution camera

The immediate priority for UKIRT is to provide an instrument capable of exploiting the outstandingly high quality images that will be delivered by the current upgrades programme by mid-1997.  This requires a fast-track high angular resolution camera, incorporating a 10242 HgCdTe array for 0.8-2.5µm imaging.  Arrays of this nature are available from Rockwell with a delivery time of less than one year.  They do not provide any capability at 3-5m, but would provide an instrument optimised for the 1-2.5m region until a full specification 1-5m imager/spectrometer could be produced.

3.2.2.1.4
Combined imager and grism spectrometer

The full specification 10242 imager and grism spectrometer, covering 0.8‑5.5µm, would be the workhorse UKIRT instrument, providing flexible spectroscopic and imaging capabilities.  It would supersede and replace the fast-track camera as the main instrument exploiting the near-infrared imaging performance of the upgraded UKIRT.  It would be built around an InSb 10242 detector, currently being developed by the NOAO and US Navy.  This instrument cannot be built quickly enough to capitalise on the upgrades programme by 1997 because of the unavailability of sufficient effort at ROE and the uncertain delivery time for InSb 10242 arrays.  

The fast-track camera and grism spectrometer are critical requirements for exploiting UKIRT’s imaging and spectroscopic capabilities into the next century.

3.2.2.2
Wide field programmes

In the longer term, wider field programmes are likely to become increasingly important, partly in direct support of Gemini programmes, but also because this will be an extremely competitive use for an IR-optimised 4m telescope in the era of 8m and larger telescopes.

3.2.2.2.1
Tip Tilt Secondary Mirror

The current, slow, f/35 focal ratio is not optimal for wide-field applications, so a priority for the medium term is a new, faster, f/16 (for compatibility with Gemini) secondary mirror, with tip-tilt capability, providing a 19 arcmin field.

3.2.2.2.2
Wide-Field Instrument

The provision of a faster Cassegrain focus would allow IR-optimised wide field imaging and multi-object spectroscopy, which could be achieved with a single wide-field instrument.  With such an instrument, UKIRT would be a uniquely-powerful facility, complementing Gemini with its deep, small-field IR capability and the WHT with its excellent wide-field and multi-object capabilities at shorter wavelengths.

3.2.2.3
Other Requirements

A number of other, smaller-scale, activities would be required to maintain UKIRT’s competitiveness.  They are summarised below.

3.2.2.3.1
Reduction of Telescope Emissivity

This can be done by using low-emissivity (probably overcoated Ag) coating of primary mirror.  (Ag coating of the secondary is part of the Upgrades Program.)

3.2.2.3.2
Integral Field Unit for Imager/Grism Spectrometer

This would provide high angular resolution area spectroscopy.

3.2.2.3.3
IR Wavefront Sensor for Tip Tilt Secondary 

This would be a device with very low noise and fast frame operation over 1.0-1.6µm, or longer if possible.  This will allow the full gains possible from same-wavelength tip-tilt correction (equivalent to shift-and-add) and also allow tip-tilt on objects in regions where there are no guide sources at visible wavelengths.

3.2.3
ADDITIONAL DEVELOPMENTS

Additional developments that would add to UKIRT’s capability, but which fall outside the minimum effective programme are as follows.

3.2.3.1
Second upgrade of CGS4

· This would be an upgrade to a low noise detector (5122 quadrant of 1024 InSb), to offer narrower slits and to provide an acquisition imaging capability.

3.2.3.2
Third upgrade to CGS4 

· This would be to provide a spectral resolution of at least 80,000 (4 kms-1) by acquisition of high spectral resolution (coarse-ruled or immersion echelle) gratings.

3.2.3.3
A large-format 0.8-2.5m wide-field imager

· A facility for wide field and possibly multi-colour imaging, possibly using a mosaic of arrays, would be well adapted to a faster secondary mirror and, while unable to exploit the mirror’s higher order adaptive capabilities because of anisoplanatism, would benefit from well-stabilised (by the tip-tilt capability) delivered images which should routinely be as small as the Mauna Kea free atmosphere allows (median seeing FWHM ~0.35 arcsec).

3.2.3.4
Adaptive optics system

· An AOxe "AO" system, to provide higher-order correction beyond the current   

· upgrades program with no increase in emissivity, would incorporate a natural guide star system; an adaptive secondary mirror (ASMxe "ASM"); and a low-power laser system, essential to achieve high sky coverage with the ASM.  It would be based on the designs developed for the WHT.  A 9-Zernike ASM system should offer close to diffraction limited performance at 2.2µm.  At shorter wavelengths resolutions well below 0.1 arcsec FWHM would be obtainable.  With 9-Z correction UKIRT would have performance comparable to Gemini with 9-Z correction from 0.7-1.5µm.  A site characterisation programme (Joint Observatories Seeing Evaluation - JOSExe "JOSE") is already underway.

3.3
JCMT

3.3.1
INTRODUCTION

The JCMT has reached a critical juncture in its development.  It is about to reach a milestone with the delivery of three major new instruments completing the current instrumentation programme.  The new instruments,  SCUBAxe "SCUBA", RxB3 and RxW, will all be state-of-the-art and will surpass receivers on other facilities making the JCMT the world’s leading single dish telescope operating at mm and sub-mm wavelengths.
3.3.1.1
Current Instrumentation Suite and On-Going Development Programme

The current instrumentation suite on the JCMT is as follows:

· UKT 14 Nasmyth-mounted bolometer system  

· RxA2 220-280 GHz SIS receiver  

· RxB3i 320-370 GHz SIS receiver    

· RxC2 460-495 GHz SIS receiver  

· Digital Autocorrelation Spectrometer - backend used for all spectral line instruments.   

· SCUBA (Sub-mm Common User Bolometer Array) - sub-mm “camera” with 2.3 arcmin field of view, now being commissioned.  It will provide more than three orders of magnitude increase in mapping speed compared with UKT 14.

· SCUBA Polarimeter module - now being commissioned followingconstruction by QMWxe "QMW" and ROExe "ROE" as part of the JCMT innovative new projects line.

· RxB3 330-365 GHz SIS receiver - built by HIAxe "HIA" and RALxe "RAL".  It will provide a factor of 10 increase in data rate compared with RxB31.

· RxW  435-505 GHz (C-band) and 630-710 GHz (D-band) SIS receiver - built by MRAO and SRONxe "SRON".

· RxE1 - With RxW installed, RxC2 will be converted to E-band (800-900 GHz) by RAL as part of the innovative new projects programme.

· Also as part of the innovative new projects programme, broadband tunerless mixers for extragalactic astronomy are being developed by MRAO.

3.3.2
MINIMUM EFFECTIVE DEVELOPMENT PROGRAMME

The plans for the future development of the JCMT fall into three key themes: a    programme of new instrumentation; a series of efficiency improvements; and a programme aimed at achieving sub-arcsecond imaging.  These are described below.

3.3.2.1
New Instrumentation

3.3.2.1.1
B-Band Array and C/D-Band Camera

With the advent of SISxe "SIS" receivers at 230, 345, 460/492 and 690 GHz, the JCMT is the world’s leading single-dish sub-mm facility, but investment in a heterodyne receiver array to improve spectral line mapping efficiency is essential if the JCMT is to maintain that position.  The major new development recommended is therefore the provision of a B-band array and backend spectrometer.  This will have a field of view of 100 x 100 arcsec, will give an order of magnitude improvement in mapping speed over a dual-channel, single beam receiver and will allow a host of important new projects to be undertaken that would be impractical without an array.  The 345 GHz (B-band) window is the most appropriate for this project because it is strong in molecular rotational transitions that are important not only because of the high relative abundance of their molecular carriers, but also because of their usefulness in determining the density and temperature of their molecular environment.  Atmospheric transmission in the B-band averages 70% throughout the year and it is the lowest frequency band in which the JCMT is unique, possessing both the best site (outside Antarctica) and the highest angular resolution (15 arcsec).

The number-density and kinetic temperature ranges probed by molecular lines in this band are 103-107cm-3 and 10-100K respectively.  By probing deeper into molecular clouds and tracing regions of higher density and temperature, the higher-J lines seen in the 345 GHz window have a significant advantage over the lower-J lines seen by mm-wave telescopes such as the IRAMxe "IRAM" 30m and the NRAOxe "NRAO" 12m.  Multi-transition and isotopic studies allow accurate determination of the physical conditions in molecular clouds, whilst the high velocity resolution achievable with heterodyne receivers and digital correlators allows detailed dynamics of the full three-dimensional structure to be studied.  Much of the physics to come from the study of molecular lines relies on the use of line ratios (such as the ratio of different isotopic species) to calculate densities and temperatures.  Obtaining these with single-beam instruments is difficult because of pointing and calibration uncertainties.  Because a focal plane array observes many positions simultaneously, such problems are minimised.

The B-band array will be an ideal complement to SCUBA, allowing both the molecular gas and the dust to be studied in complementary fashion.  It will be a major investment and must remain competitive for several years.  Consequently, it must be of a flexible design, built in two phases.  Phase 1 is the production of the first 4x4 array camera at a frequency of around 345GHz along with a sixteen channel backend spectrometer called MIDASxe "MIDAS".  At some point in the next four years, a decision will need to be made as to whether to go ahead with Phase 2 of the B-band array.  This would comprise a second B-band camera and a second bank of 16 spectrometer channels for MIDAS.

If the decision is to construct the second B-band camera to provide a full 32 element array, then a third camera, operating at either C-band or D-band will subsequently follow.  If not, the C/D-band camera could be installed earlier.

3.3.2.1.2
Small Innovative New Projects

The recommended programme also includes a line for small innovative new projects, to be awarded in response to proposals from the community.  Provision for low-cost innovative developments is needed to foster the technological advances needed to keep the JCMT competitive.  Previous projects funded by this mechanism have included a SCUBA polarimeter (QMW/ROE), the conversion of  RxC2 to E-band (RAL) and the development of broadband mixers for extragalactic astronomy (MRAO).  A probable early new project to be funded through this mechanism is an extragalactic line receiver.
3.3.2.2
Efficiency Improvements

Under this heading come improvements to the data collection efficiency (software upgrades); small telescope improvements (e.g. new encoders); improvements to the surface accuracy; and investments needed to improve operational efficiency through remote operation.

The first goal of the surface accuracy improvements is to achieve an accuracy of 20µm rms.  An improvement of this order is needed to extract the full scientific potential from SCUBA.  There is a possibility, further downstream, of retrofitting an entirely new surface to the JCMT, using new technology for panel production.

3.3.2.3
Sub-mm Interferometry

The goal of sub-arcsecond resolution mm/sub-mm astronomy requires the use of interferometric techniques. The JCMT-Caltech Sub-mm Observatory (JCMT-CSOxe "CSO") interferometer has already shown the excellent quality of science that can be achieved using only a two-element array.  The following appear now to be the main future opportunities.

3.3.2.3.1
Experiments in Phase Retrieval Using the JCMT-CSO Interferometer

In the near-term further experiments will be undertaken with the JCMT-CSO interferometer by providing it with two water vapour meters (one on each telescope looking close to the line of sight to the source) which will allow the possibility of phase retrieval to be undertaken.

3.3.2.3.2
Involvement in an Enlarged Smithsonian Submillimetre Array

The most important medium-term opportunity is for JCMT participation in the Smithsonian Sub-mm Synthesis Array (SMAxe "SMA").  This is currently under construction and is expected to be operational in 1997.  It will comprise six movable 6m dishes on Mauna Kea, giving resolutions as fine as 0.1 arcsec.  The sensitivity of the array will be relatively modest, but would be significantly improved if the JCMT and the CSO were linked in.  The JCMT alone would more than double the SMA’s collecting area.

There are several different ways in which the link could be implemented.  Because the SMA receivers are located at the Nasmyth foci, the most obvious route, in order to match polarisations and beam rotation, would be to provide the JCMT with a receiver which is a direct copy of those for the SMA.  The main additional requirement recommended at this stage is therefore an SMA receiver at a cost of around £1.2M.  Funding has already been provided for fibre optics to ensure that the JCMT can be linked into the SMA control and data system. 

3.3.2.3.3
Involvement in the Mauna Kea Big Telescope Array

Another exciting but far less certain possibility is to use the JCMT and CSO with the Keck 10m and Subaru 8m optical telescopes to undertaken submillimetre interferometry.  The collecting area of these four telescopes is significantly larger than that of the SMA and they would make an impressive addition to a submillimetre array.  However, the availability of time on these telescopes would naturally be less than that for a purpose-built interferometer.  The expense of such a venture for the JCMT is uncertain, but would probably be small, as the same fibre optics cables would be used as for the SMA.  The timescale is also very uncertain.

3.4
ING

3.4.1
INTRODUCTION

The ING telescopes comprise one of the world’s leading international facilities in ground-based astronomy.  The site, the telescopes and the instrumentation are all of outstanding quality and the Observatory has a publication record to match.  The telescopes provide particularly strong capabilities in both wide-field and high spatial resolution imaging and spectroscopy, UV-optimised observations, high time-resolution astronomy and intermediate-dispersion spectroscopy.

Table 3.1 below summarises the current telescopes and main common‑user instruments of the ING.  Unless stated otherwise, all of the instruments are for the optical waveband.  At present, the greatest strength of the ING lies in its superb optical spectrographs.  Provided that a vigorous detector upgrade programme is continued, these are expected to remain competitive for the whole of the next decade.

Table 3.1    Current instrument suite of the ING

	Telescope
	Instrument
	Function

	WHT
	Prime Focus CCD camera
	Deep CCD imaging

	
	Auxilliary port CCD
	CCD imaging (0.1 arcsec pixels)

	
	WHIRCAMxe "WHIRCAM"
	Near-IR imaging

	
	Autofib/WYFFOSxe "WYFFOS"
	Multi-object spectroscopy (1-degree field

	
	Utrecht Echelle Spectrograph
	High dispersion spectroscopy

	
	ISISxe "ISIS"
	Intermediate dispersion spectroscopy (wide wavelength range)

	
	FOSxe "FOS"
	Low dispersion spectroscopy (wide wavelength range)

	
	LDSSxe "LDSS"
	Multislit low dispersion spectroscopy

	
	Taurus
	Febry-Perot imaging spectroscopy

	INT
	Prime focus camera
	Deep CCD imaging (10242)

	
	IDSxe "IDS"
	Intermediate dispersion spectroscopy

	
	FOS
	Low dispersion spectroscopy

	JKT
	f/15 CCD camera
	Imaging

	
	RBSxe "RBS"
	Medium dispersion spectroscopy

	
	Peoples Photometer
	Fast photometry


The recommended ING development programme is heavily based on the general strategic direction indicated for the ING by the OIM Review.  Its general aims are to enhance the complementarity of the telescopes, exploit the particular advantages of the site and the telescopes and increase spatial resolution.  It is described, for each of the three telescopes in turn, in sections 3.4.2 - 3.4.7.  The main thrust of the programme is to:

· exploit opportunities for high spatial resolution, leading ultimately to adaptive optics with laser beacons;

· capitalise on the wide‑field and multiplexing capabilities of the ING;

· improve spectral resolution, especially in the far blue, to gain a unique niche in the northern hemisphere;

· improve the sensitivity of instruments, especially in the far blue, which is of enormous astrophysical  interest, and the near infrared, where the immediate opportunities for adaptive optics lie.

3.4.1.1
Detectors

The rapid acquisition of high‑quality detectors is a strength of the ING, and a continuation of this programme is vital to the competitiveness of the three telescopes.  The aim is to provide interchangeable cameras which can be used on more than one instrument, and to change detectors on a given instrument to optimize it for specific applications.  In a few cases (such as the WYFFOS fibre spectrograph, the Faint Object Spectrographs (FOS) or the infrared camera WHIRCAM), design requirements force the use of an integral detector, but this is very much the exception.  For these reasons, detectors for all the telescopes are presented together in a separate category (in section 3.4.8, page 42).

3.4.2
WHT - MINIMUM EFFECTIVE DEVELOPMENT PROGRAMME

3.4.2.1
Local Seeing Improvements: The Half‑Arcsecond Programme

The success of the adaptive optics programme, and indeed of improved imaging in general, requires understanding and control of any local sources of seeing.  A careful programme of measurement is underway on the WHT to identify the most cost‑effective changes.  The programme should be continued during the planning period, and extended to the other two telescopes.

3.4.2.2
Telescope Enhancements

The most important telescope enhancements for the WHT in the near term are:

slow active control of secondary collimation to eliminate decentring coma;

adaptive servos for main drives and instrument rotators to improve tracking performance;

an active primary support to reduce other wavefront errors such as astigmatism;

These improvements, taken together with the half‑arcsecond programme, are designed to improve image quality for those instruments that do not use adaptive optics.

3.4.2.3
Natural Guide Star Adaptive Optics

The goal of the Natural Guide Star (NGSxe "NGS") Adaptive Optics system currently approved for the WHT is to deliver images with 25% Strehl, over  50% of the sky, at wavelengths of 2.2m.  It will be located at the GHRIL Nasmyth focus. 

At present, the imager for the NGS AO system is a 2562 InSb detector, WHIRCAM, similar to IRCAM‑3 on UKIRT.  This detector covers a  field only 13 arcsec square.  The adaptive optics system has been designed to deliver a field of 1 arcmin diameter and much of this will be usefully corrected.  A larger‑format near‑IR detector is therefore a high priority.  Given the rapid increase in emissivity  of the WHT and the AO system at wavelengths longer than 2m, there is no requirement for long‑wavelength sensitivity. The most appropriate detector is likely to be a 10242 format HgCdTe array.  A site characterisation programme (JOSE) is in progress.

3.4.2.3.1
Near-IR spectrograph

The most exciting application for the NGS adaptive optics system is in 0.8-2.2m spectroscopy.  Whilst existing AO systems have produced excellent near‑IR images, there has been relatively little work on spectrographs matched to small images, and the provision of a near-IR spectrograph would enable the WHT to take a major lead in this area.

3.4.2.4
Laser Beacon Adaptive Optics

3.4.2.4.1
Background

The magnitude limit for adaptive optics with natural guide stars can be overcome by using an artificial reference source generated using a laser close to the telescope. There are two variants of this technique: Rayleigh scattering in the lower atmosphere and resonance fluorescence of sodium in a narrow mesospheric layer at approximately 90km altitude.  Both techniques have been used to produce diffraction‑limited images at optical wavelengths. 

The key problem for laser beacons is focal anisoplanatism, or the ‘cone effect’.  Light from a finite‑altitude reference source traverses a different atmospheric path from that of an astronomical object (effectively at infinity) and the resulting error in wavefront correction is a limitation on performance.

The error becomes more serious as higher degrees of wavefront correction are attempted, and hence is worse for larger telescopes or shorter wavelengths. The required laser power also grows markedly towards shorter wavelengths. 

There are indications that atmospheric turbulence is relatively  low over La Palma, which is a great advantage for beacon‑based  systems. Moreover, the CCIxe "CCI" (the international governing body of astronomy on La Palma) has explicitly welcomed the development of laser beacons. Lasers are currently forbidden on Mauna Kea.

Current estimates suggest that the largest aperture for which a single high‑altitude beacon can be used at optical wavelengths is in the range 2‑4m, depending on the properties of the site, and the technique could be use to produce essentially diffraction‑limited images at 0.5m on the WHT.

The use of laser beacons is clearly at an early stage of development and a number of important technical problems remain to be solved.  The potential gain is nevertheless important enough to justify a serious development programme.

A phased approach would provide for careful evaluation of cost and technical risk at each stage.  The main elements are as follows.

3.4.2.4.2
Low-power systems

(i)   Determination of the height distribution of atmospheric turbulence over La Palma.  This allows the theoretical performance of a laser guide‑star AO system to be calculated reliably.  This is already in progress.

(ii)  A research and development programme, including tests of a Rayleigh beacon system.  This might best be carried out in collaboration with the Starfire Optical Range in the USA, since they have dedicated telescopes and lasers already available.  This would avoid operational problems at the WHT until the low-power laser is ready for installation.

(iii) A low‑power sodium beacon for use with the NGS system to increase the sky coverage of the near‑IR NGS system to 100%.  Relatively low powers are required and the technical risk is minor. The primary aim is to increase the sky coverage in the near‑IR, but the understanding gained during this phase will allow accurate prediction of cost and performance of a more ambitious system.

3.4.2.4.3
High power systems

(iv) A powerful sodium beacon, together with a high-order deformable mirror, with the target of diffraction-limited imaging at 0.5m.  This high-power laser system and its associated instrumentation is not included in the minimum effective programme and because of the scale of investment required should be regarded as a candidate for a major new capital project (see section 4.3.3, page 56).
3.4.2.4.3.1
Near-IR multi‑fibre Spectroscopy

The WHT is ideally suited for wide field near-IR multi-object spectroscopy.  The development of a  relatively simple near‑IR spectrograph which can accommodate about 100 fibres is recommended to exploit the wide-field capability of the existing Autofib-2 fibre positioner.  Among many scientific applications are the study of high redshift galaxies, starburst galaxies, star formation regions and nearby late-type galaxies.

3.4.2.5
Utrecht Echelle Spectrograph (UES):  Short Camera

A camera of short focal length for the UESxe "UES", to extend the wavelength range attainable in a single observation, would offer a factor of two in efficiency gain for certain applications.  It would particularly  improve the efficiency of studies that require a wide wavelength range, especially quasar absorption line studies and determinations of stellar abundances.

3.4.2.6
A UV Optimised Spectrograph (HRUSxe "HRUS")

The far blue region of the spectrum is rich in lines of importance in astrophysics.  Many chemical element abundances, especially light elements, together with studies of hot stars and blue excess galaxies require UV optimised systems.  However, it has always been difficult to obtain adequate throughput with general‑purpose instruments. A high resolution ultraviolet spectrometer (HRUS) would offer significant advantages in  throughput.  This is an area where the WHT, because it remains one of the few telescopes without IR optimisation and so retains efficient UV capability, is well placed to stake out an important role, enhancing its complementarity with other large telescopes, including Gemini.

3.4.2.7
Future Instrument Improvements

To maintain the competitiveness of the three telescopes a continuing programme of instrument improvements will be required, beyond those that can be foreseen and identified now.  The programme therefore contains a line for such as yet unspecified improvements.

3.4.3
WHT - ADDITIONAL DEVELOPMENTS

Additional developments that would add to the capability of the WHT, but which fall outside the minimum effective programme are as follows.

3.4.3.1
WYFFOS Development

In its  current configuration WYFFOS offers 126 fibres of 2.7 arcsec  diameter.  It was planned from the outset that WYFFOS would use 1 arcsec fibres, to exploit the La Palma seeing and to provide a wide field facility complementary to the AAT's 2DFxe "2DF".  Smaller fibres pose some technical challenges in mounting the necessary microlenses at the fibre outputs.  A bundle of 150 fibres of 1.3 arcsec diameter could be produced.

3.4.3.2
Utrecht Echelle Spectrograph: a Northern Ultra High Resolution Facility 
(UHRFxe "UHRF")

The UES design deliberately included the possibility of obtaining very high spectral resolving power (around half a million). This can be implemented with a folded, long‑focus camera and a change from grating to prism cross‑dispersion.  Pursuing the high‑resolution mode will give a unique facility in the Northern hemisphere, complementing the AAT's UHRF (Ultra High Resolution Facility).  Because an instrument like this is limited to rather bright objects, extending coverage to another hemisphere represents a significant gain in the number of targets.

3.4.4
INT - MINIMUM EFFECTIVE DEVELOPMENT PROGRAMME

The INT has a stable instrumentation suite, adapted to its specialised role, and the main requirements over the next few years are a programme of detector upgrades, some telescope enhancements and seeing improvements (see section 3.4.2.1, page 35) and a standby camera at the Cassegrain focus.  A programme of new instrumentation, particularly for wide-field imaging, will be required towards the end of the ten year period to maintain the INT’s competitiveness, but its precise nature will depend on, among other things, the impact of Gemini and it is too early now to specify the requirements in detail (see section 3.6.1, page 47).

3.4.4.1
Telescope Enhancements

The proposed telescope enhancements programme for the INT is aimed at improving telescope tracking and offsetting.  The main deficiencies of the INT are a low‑level periodic oscillation in hour angle; an inability to control small (<1 arcsec) telescope movements in Declination accurately; and inaccuracy in offsetting in Declination. 

These problems affect image quality and accuracy of object acquisition onto narrow slits, and are therefore important at both Cassegrain and prime foci.  They can be addressed by replacing the telescope encoders and by improving the servo system.

3.4.4.2
Standby Imaging Camera at Cassegrain

Improved reliability and versatility can be attained if instruments are mounted permanently on the telescope, allowing straightforward switching between them.  This has been done to a large extent on the WHT, but further upgrades are possible, for example the provision of a standby imaging camera at INT Cassegrain.

3.4.5
INT - ADDITIONAL DEVELOPMENTS

Additional developments, beyond those in the minimum effective programme, are as follows.

3.4.5.1
Prime‑Focus Imaging - an 81922 Array

The recent advances in corrector design (as implemented on the WHT and AAT) allow a further significant increase in field size for the INT.  The main application for the INT is deep imaging, but fields larger than 1.5 degrees lead to aberrated images.  To improve this, the existing corrector could be replaced with one capable of providing effectively diffraction‑limited performance over a 2 degree field.

3.4.6
JKT - MINIMUM EFFECTIVE DEVELOPMENT PROGRAMME

3.4.6.1
Imaging Upgrade

The main recommended development for the JKT is an imaging upgrade.  The variation of the scale size of atmospheric fluctuations with wavelength is such that a substantial degree of seeing correction is possible with a simple tip‑tilt system on a 1m telescope at optical wavelengths.   The aim of the proposed JKT upgrade is therefore to deliver images of 0.2 arcsec at optical wavelengths in the best seeing conditions.  It is conceptually similar to the UKIRT Upgrades Programme: modify the support systems for the main mirrors so that the telescope is essentially diffraction‑limited, add a fast tip‑tilt mirror and eliminate local seeing.  

Such an improvement in imaging quality is the key to the long-term competitiveness of the JKT.  Under the best observing conditions, the delivered image quality is currently limited to around 0.55 arcsec FWHM by the primary and secondary supports, and the first step should therefore be to eliminate these deficiencies. 

The essential elements of the recommended programme are:

 
A new, active primary support which eliminates the astigmatism induced by the present system.

 
A new secondary support which does not suffer from flexure problems and which does not overconstrain the mirror.

 
A fast tip‑tilt mirror for compensation of atmospheric image motion and residual tracking errors and improved tracking accuracy by more sophisticated control of the anti‑backlash mechanism.

 
Reimaging optics to provide an appropriate pixel scale (0.05 ‑0.1 arcsec) on a standard CCD camera.

The proposed upgrade to the JKT would place it in a unique and highly competitive position as the first ground-based telescope of a significant aperture to deliver near-diffraction-limited imaging in the optical.  The recent tendency has been to concentrate resources on more ambitious projects on larger telescopes.  However, these will not deliver signficant improvements at optical wavelengths for some time and there is a clear role for small telescopes providing high resolution imaging.  The JKT is a better, more modern telescope than most other telescopes of similar aperture, on an excellent site for adaptive optics, and therefore ideally suited to an upgrades programme of this sort.

The scientific benefits to be gained from this are immense, not least in the reduction of the sky background by factors of up to 25 under a typical seeking disk (assuming a reduction in the image FWHM from 1arcsec to 0.2arcsec), resulting in a factor 5 increase in efficiency for sky-limited photometry.  In addition to the efficiency gains, the proposed upgrade would significantly extend existing projects and open up several new and astrophysically important areas of research.
Some illustrative examples are given below, based mainly on existing research programs that have been thwarted by the limited spatial resolution presently available from the ground.  Many of these programs are statistical in nature, and hence would require significant amounts of time to complete (typically 1-2 weeks).  As such, these programs would be unsuited to observations with the HST in which the UK has a very small share in the overall allocation of observing time.  The HST is the only other telescope which will provide diffraction-limited imaging in the optical over the next 5‑10 years.

· Optical Gravitational Lensing.  The proposed upgrade to the JKT would make it possible to search for sub-arcsecond gravitationally-lensed structures e.g. Einstein crosses and rings.  Such rings can be used to place strong limits on the mass-to-light ratio in the lensing object and, from variability studies, provide a direct geometrical measure of Hoxe "Ho".

· Colour Gradients in Early Type Galaxies.  Colour gradients in galaxies provide a powerful tool for establishing their star-formation history.  The upgraded JKT could reliably measure colour gradients right into the crowded central cores of local group galaxies, providing fundamental information on their star formation histories.

· Stellar Photometry in Globular Clusters.  Image crowding precludes accurate photometry of stars in the cores of globular clusters.  The JKT upgrade would allow accurate photometry of these stars, allowing studies of the colour gradient and luminosity function for them, vital for understanding the formation of globular clusters.

· Globular Clusters in Elliptical Galaxies.  One of the outstanding puzzles in the study of extragalactic globular clusters is the large excess of globular clusters around some centrally-located gE/cD galaxies.  A resolution of this puzzle will require deep imaging of a large sample of such galaxies.  Near-diffraction-limited imaging on the JKT would allow very deep photometry to be obtained in a reasonable time, from which a much clearer picture of the formation history of these giant ellipticals could be obtained.
3.4.7
JKT - ADDITIONAL DEVELOPMENTS

There are further additions that could be made to the JKT upgrade, e.g.

a 10242 NIR camera with a similar pixel scale to that of the optical detector, optimised for imaging at J and H;

a direct 40962 optical CCD camera, mounted in the straight‑through position with the tip‑tilt flat removed.  This would cover a much larger field with coarser spatial sampling.

However, the scientific benefits from these instruments could be achieved, at the expense of some additional operational difficulties, by sharing detectors with other telescopes (e.g. it might be possible to modify the INT prime-focus camera to work on the JKT).  They therefore fall outside the minimum effective programme.

3.4.8
Detectors - MINIMUM EFFECTIVE DEVELOPMENT PROGRAMME
Detectors for all three ING telescopes are treated separately from instruments since many cameras can be used in more than one place.  Under this heading are included detector upgrades (change of CCD without significant modification to the instrument) and new detectors that can be used on more than one instrument.  Detectors that are an intrinsic part of a new instrument are included in the cost of the instrument.  In the tables, the development costs are allocated entirely to the WHT; detector lines for the other telescopes include construction costs only.

3.4.8.1
Small pixel thinned CCD's

One of the most valuable upgrades for the optical detectors on all three telescopes will be to replace the majority of the existing detectors with thinned, large‑format small‑pixel devices.  Sensitivity gains are large, ranging from factors of 5 in the blue to 2 in the red over unthinned devices.

3.4.8.2
High speed, low-noise CCDs

Developments in this area should focus in particular on the problem of achieving the lowest possible readout overhead without compromising readout noise.  Such detectors are required on all three telescopes.

3.4.8.3
Wavelength optimised optical CCDs

The CCD's currently being purchased for the ING are designed for good quantum efficiency over the whole optical waveband.  There are applications in which higher efficiency over a limited wavelength range would be valuable, particularly for instruments like ISIS which have red and blue channels, or for specific astronomical applications.

Two possibilities which have been demonstrated, but which are not yet commercially available, are anti‑reflection coatings optimized for the UV and far blue and deep‑depleted CCDs, which incorporate higher‑resistivity silicon, and which have a much higher quantum efficiency at far red wavelengths (50% at 900nm), at the expense of blue response.  They are needed on the WHT and INT.

3.4.8.4
Custom sensors

These are required for specialised operating modes on the INT and WHT, such as fast readout.

3.4.8.5
Near‑IR optimised detectors

In the near-IR, there are important differences between the requirements of the ING telescopes and UKIRT.  The ING telescopes require a wavelength range of 1.0-2.2m, since longer wavelengths are seriously affected by telescope emissivity.  At the moment, the main locations foreseen for 10242 near-IR detectors are all on the WHT.

3.4.8.6
Future generation CCDs

There will be a continued need to up-grade the detectors to the state-of-the-art throughout the ten-year period covered by the review, but it is impossible to predict now what specific type of CCDs will be required towards the end of the period.  Some provision is therefore included for future generation CCDs, shown against the WHT.

3.5
AAT

3.5.1
INTRODUCTION

The AAT is built to very high engineering standards and offers an exceptionally strong and stable platform for mounting major new instruments.  Its Ritchey-Chretien design gives it a uniquely wide two degree field at its prime focus, a wide 40 arcminute field at the Cassegrain focus and two coude stations with very stable optical benches.  It has been among the most productive of the telescopes in which the UK has a stake.

3.5.1.1
Current Instrumentation

3.5.1.1.1
Prime Focus

The f/3.3 prime focus is used mainly for imaging: a triplet corrector lens gives a 1‑degree field for photography while other correctors give smaller fields with CCD cameras and a very fast f/1 focal reducing system gives a 15 arcmin field of view.

3.5.1.1.2
Cassegrain Focus

The f/8 Cassegrain focus is used by many instruments, those in most frequent use being the RGO intermediate dispersion spectrograph, the Autofib and FOCAPxe "FOCAP" multi-object fibre systems, the fast low resolution red spectrograph FORSxe "FORS", the multi-slit low dispersion survey spectrograph (LDSS) and the scanning Fabry-Perot imaging spectrograph Taurus II.  Several of these instruments incorporate polarimetry and spectropolarimetric capabilities.

There are also f/15 and f/36 Cassegrain options, the latter involving the use of a chopping secondary mirror mounted below the prime focus cage.  These are used mainly for IR applications, now mostly done with the IRIS IR array camera/spectrograph.
3.5.1.1.3
Coude Focus 

The main instrument is the UCL echelle spectrograph (UCLESxe "UCLES"), a multi-order system providing spectral resolutions between 20,000 and 115,000 and covering the full optical range from the atmospheric cut-off just above 300nm in the UV to the near-IR at around 1m.  To this has been added the Ultra High Resolution Facility (UHRF), a single-order system working at extremely high resolutions from 400,000 to almost 1,000,000.

3.5.1.1.4
Two-Degree Field

The latest addition to the AAT’s instrumentation is the 2-degree field facility.  A multi-element corrector lens system incorporating an atmospheric dispersion compensator provides sub-arcsecond images over a full two degree field of view at the prime focus.  The field is accessed by a robotic fibre-fed spectroscopic system able to observe up to 400 objects simultaneously.

3.5.2
FUTURE DEVELOPMENT PROGRAMME

It is important that the AAT instrumentation budget is maintained at the current level for at least the next five years.  As the UK’s only telescope in the southern hemisphere, it is crucial that the AAT is kept competitive at least until Gemini is operational and, as a minimum, a continuation of the recent level of funding is required for that to be achieved.  After Gemini, continued funding at about the same level (in real terms) should allow the AAT to develop its complementary wide-field role.  The AATBxe "AATB" and the AAO itself are in the process of determining priorities and costings for the future development programme and so it is not possible at the moment to define a future programme in detail.  However, the main instrument priorities as they appear now are as follows.

3.5.2.1
Short-Medium Term (1995-2000)

3.5.2.1.1
UCLES Short Camera

When UCLES (the UCLxe "UCL" Echelle Spectrograph) was designed, it was intended that it should have a second camera, with short focal length, giving a spectral resolution of about 30,000.  It would cover the whole visible spectrum in one exposure, while allowing an adequate slit length to get good sky subtraction.  This camera was not built, partly due to cost pressures and partly due to the lack of a suitable detector.  

However, the case for this upgrade to UCLES remains strong.  It would be ideal for observations of quasar absorption lines, faint stars and emission-line objects such as supernova remnants, planetary nebulae and circumstellar regions.  It would take further advantage of the AAT’s coude system and UCLES.  

3.5.2.1.2
Advanced IR Imager/Spectrograph

The advent of sensitive array detectors has revolutionised spectroscopy in the near-IR.  It is now possible to use spectral dispersions previously associated only with optical wavelengths.  This opens up major new areas of study, such as previously inaccessible spectral features in stars and galaxies and the pursuit of high redshift objects such as quasars over much wider wavelength ranges than were formerly available.  For finding redshifts of galaxies further out than a red-shift of about 1, it is necessary to observe the IR spectrum at adequate resolution.

There are new IR spectrographs in use or under construction at a number of observatories.  New techniques are being introduced, such as the formation of an intermediate high-dispersion spectral image at which the OH sky emission lines can be blanked out, before reforming the final spectrum at whatever dispersion is appropriate for the brightness and nature of the target object.

An advanced imager/spectrograph (IRIS2), built around a 10242 HgCdTe array, is a high priority to exploit these opportunities.

3.5.2.1.3
Cassegrain Spectroscopy Upgrade

The existing RGO spectrograph at the AAT continues to be heavily used, demonstrating that intermediate dispersion spectroscopy remains a central plank of optical astronomy.  However, the RGO spectrograph is significantly less efficient (by 1-1.3 magnitudes) than Cassegrain spectrographs of more modern design now in use at other major observatories, making the AAT less competitive in this area.

This situation could be rectified by the construction of an image slicer/reformatter system (SPIRALxe "SPIRAL") specifically designed for optimised spectroscopy of single objects or small extended objects.

Preliminary design studies are underway, involving, first, the construction of a small reformatter for use with the 82cm camera of the RGO spectrograph, and then a full-scale device.

3.5.2.2
Long-Term (2000-2005)

Longer term, the main priority is for a full replacement of the RGO spectrograph with a double or triple beam intermediate dispersion spectrograph for UV to 1m (H window) using new generation 2000 x 4000 CCDs.  This could be done either with SPIRAL in both the red and blue arms or with a long-slit Cassegrain spectrograph, the choice depending in part on the outcome of the preliminary SPIRAL design studies.

Other long-term possibilities, with the accent on wide-field imaging and spectroscopy, are a prime focus CCD camera for wide-field imaging using 8k x 8k arrays, a new adaptive IR secondary for low thermal background IR work and adaptive optics, IR fibres and spectrographs for the 2dF and a combined OH sky-suppression and intermediate dispersion spectrograph for the J, H and K windows.

3.6
SUMMARY OF THE RECOMMENDED DEVELOPMENT PROGRAMME

3.6.1
Minimum Effective Development Programme

The total recommended minimum effective development programme, as defined in detail in the previous sections, is summarised, with approximate costs and staffing requirements, in Appendix 1 (Tables 1-8) and in Figures 1 and 2.

The main objectives of this minimum programme for each of the telescopes can be summarised as follows:

MERLIN - Improve performance and match frequency coverage of 
  


complementary arrays to maintain MERLIN’s competitive role in a 

unique baseline range.

UKIRT
-
Exploit the high quality images delivered by the upgrades programme 

with enhanced spectroscopy and imaging capability in the near-IR 

and provide wide-field capability to enhance complementarity with 

Gemini.

JCMT
-
Provide new heterodyne instrumentation and improve efficiency to 

consolidate the JCMT’s position as the world’s leading single-dish 

mm/sub-mm telescope and develop its involvement in interferometry 

with the aim of achieving sub-arcsecond resolution.

AAT
-
Enhance spectroscopic capability and, in the longer term, further 


develop wide-field performance to maximise complementarity with 

Gemini.

WHT
-
Capitalise on multi-object and near-IR capability with increased 


capability in wide-field near-IR spectroscopy; further develop high 

resolution performance through adaptive optics; and improve 


spectral sensitivity, especially in the far blue region of the spectrum.

INT
-
Provide stable, low-maintenance Prime Focus imaging and 


Cassegrain spectroscopy configurations, readily switchable by a 


simple top-end change.

JKT
-
Upgrade imaging capability to achieve diffraction - limited angular 

resolution of relatively bright objects at optical wavelengths.

The detailed programme described in sections 3.1-3.5 tails off towards the end of the ten-year period.  This does not represent an anticipated decline in the programme, but is an artefact caused by the inevitable difficulty of foreseeing detailed requirements more than a few years in advance.

The total recommended programme therefore includes an opening wedge for new developments that cannot at this stage be identified with any degree of certainty, but which will certainly be required to maintain the competitiveness of the facilities over this period.  It is fixed at such a level that the purchasing power of the total development programme is kept constant from 1999/2000 onwards.

The programme also includes a line for underpinning technological R&D.  Such a programme of R&D, likely to be carried out mainly in universities, is an essential requirement to enable the recommended development programme to be implemented.  The expectation is that it would be funded competitively through research grants or in-house research bids, as is currently the case.

Finally, the programme includes a line for Gemini developments, which equates to the expected UK contribution to the development fund agreed by the Gemini Board.  

With the wedge of funds for unspecified developments, the expected UK contribution to Gemini developments and provision for underpinning R&D, the programme averages about  £6.2M p.a (cash-planned).

The biggest levels of investment appear against the WHT and UKIRT, reflecting the high priority assigned them by the OIM Panel and the limited contributions to new instruments expected from overseas partners (in contrast to the JCMT, Gemini and the AAT).
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3.6.2
FULLY-FUNDED PROGRAMME

Also shown in fig 2 is an “ideal” programme, which includes, over and above the minimum effective programme, those additional developments discussed in sections 3.1-3.5 which would enhance the capability of the telescopes and improve their international competitiveness, but which do not fall within the minimum effective programme.  The main additional objectives of this ideal programme are as follows:

· Improve the mapping fidelity of MERLIN by replacing the Wardle Telescope and adding an eighth telescope to the array.

· Improve the sensitivity of MERLIN by an order of magnitude by increasing the bandwidth to 1GHz.

· Upgrade CGS4 on UKIRT to provide an acquisition imaging capability and to increase spectral resolution.

· Provide a wide-field imager for UKIRT to enhance the telescope’s wide-field role.

· Provide a natural guide star and low-order laser beacon adaptive optics system for UKIRT to enhance its imaging capability still further.

· Provide optical and near-IR CCD cameras for the JKT to further exploit its upgraded imaging capability.

· Increase the wide-field capability of the INT with an 81922 array.

· Increase the wide-field spectroscopic capability of the WHT.

· Provide the WHT with a capability for very high spectral resolution, complementary to that of the AAT.

This can be regarded as the fully-funded programme which averages about £8.6M p.a (cash-planned).
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3.6.3
A Constrained Programme

The recommended minimum effective programme is considerably more than the notional average of £4.8M p.a. believed to be available to the programme when the review began.  If a programme fitting this reduced guideline was required, the constrained programme shown in Figure 2 has been identified.  The main features of this reduced programme, compared with the minimum effective programme, are as follows:
· No provision for phase 2 of the B-band array on the JCMT.

· No provision for phase 2 of the surface upgrades programme on the JCMT.

· No innovative new projects line for the JCMT until 2002/03.

· No imaging upgrade for the JKT.

· Large cuts to the provision for new instruments (reduced by £500k or 15%) and for adaptive optics (reduced by £1300k, which is 20%) on the WHT.

· Delayed start to the provision for future instrument improvements on the WHT.

· Software improvements on the WHT cut by a third

· No provision for EVN upgrades for MERLIN.

· Reduced instrumentation provision for the AAT.

· Proportionally reduced provision for underpinning R&D.

· No provision for future unspecified developments required for all telescopes in the medium-long term (see section 3.6.1, page 47). 

The effect of these reductions on the programme would be to:


Impair the competitiveness of the JKT very seriously by depriving it of the 
capability to deliver diffraction-limited imaging, restricting its ability to    
fulfil the role assigned to it.


Weaken the front-rank stature of:

· the WHT, because cuts to the adaptive optics and new instrumentation programmes, in particular, would impair its imaging quality compared with other 4m telescopes around the world; 

· the AAT, which would have a limited future instrumentation provision and so would probably lose its general purpose role;

· MERLIN’s contribution to the EVN, because of the absence of any EVN developments;

· the JCMT, because the lack of funding for the B-band array phase 2 or the surface upgrades phase 2, together with a much reduced and delayed programme of innovative new projects, would weaken its role as the world’s leading single-dish mm/sub-mm telescope.

Endanger the continued competitiveness of the INT (even in a highly specialised role) and UKIRT in the longer term by removing any allowance for future (2000-2005) unspecified developments.  UKIRT’s recommended near-term effective instrumentation programme is retained in the constrained programme, reflecting the high priority attached to exploiting the upgrades programme, but its development line tails off towards the end of the ten-year period and the scope for restoring it within the constrained profile is very limited, so the implication is that during the second half of the ten-year period, UKIRT’s role would decline and lose competitiveness.

4.
OTHER DEVELOPMENTS - MEDIUM TO LARGE SCALE CAPITAL PROJECTS

4.1
INTRODUCTION

The OIM Panel considered various options for new ground-based facilities for which there is likely to be a strong case following the completion of Gemini, including further increases in telescope size, provision of large numbers of small telescopes and astronomy from the Antarctic.  All these, it concluded, represent exciting opportunities to which the UK community could make important contributions.  The Antarctic plateau, for example, with its extremely cold and very dry, stable atmosphere could provide very large gains over existing sites at some infrared and sub-mm wavelengths.  However, the OIM Panel concluded that the main priority for the future would almost certainly be to increase angular resolution, primarily through adaptive optics and interferometric techniques.

Where possible, the recommended development programmes for the existing optical/IR/mm telescopes, described in Section 3, exploit these opportunities - natural guide star and low-power laser-beacon adaptive optics on the WHT and the use of the JCMT in interferometry being prime examples - but very substantial gains in angular resolution at optical/IR/mm wavelengths will require major new developments, such as large arrays of mm or optical/IR telescopes or high-power laser-beacon adaptive optics.

In radioastronomy, the main goals identified for major new facilities are increased sensitivity at particular frequencies and high precision mapping of variations in the cosmic microwave background, an area in which the UK is very strong and which is currently at a very exciting stage of development, with important and wide-ranging implications for cosmology.

The specific possibilities for major new ground-based projects identified by the Panel are described below.  They fall into two categories.  The first comprises one project: the Very Small Array (VSA) which has been thoroughly reviewed and is scientifically of the highest merit and urgency.  The second category contains several longer-term candidates whose scientific cases will need to be thoroughly assessed before priorities between them can be established, but which all represent potentially exciting scientific opportunities for the coming decade.

4.2
AN IMMEDIATE REQUIREMENT: THE VERY SMALL ARRAY (VSA)

The VSA, a joint proposal between MRAO and NRAL, is the culmination of a 

programme of research on the cosmic microwave background by these groups, with the first detection of primordial anisotropies obtained using the NRAL beamswitching experiments, in collaboration with the IAC and MRAO, followed by the detection of anisotropies with MRAOs’ Cosmic Anisotropy Telescope.  Cosmic microwave background anisotropies measured over a range of angular scales provide a unique and direct probe of the origin of structure in the Universe. 

The VSA proposal has been thoroughly reviewed and the Panel endorses earlier recommendations concerning its scientific merit and urgency.  It would keep the UK at the forefront of this exciting field, have a wide impact on cosmological research and capitalise on the unique strengths of the groups involved.  The Panel recommends it as an immediate and high priority new capital project.  Its cost would be £2.6M over five years.

4.3
LONGER-TERM POSSIBILITIES

4.3.1
Large Millimetre Array

Interferometric arrays are the only practicable way to achieve significant improvements in angular resolution in the millimetre waveband, since single dishes are already diffraction limited and close to their practical diameters.  The JCMT has been pressing ahead in this field through its collaboration with the Caltech Submillimetre Observatory to build the first astronomical interferometer operating at sub-mm wavelengths.  It has an angular resolution of about 0.5 arcsec at 345 GHz and has already made several exciting observations, including the first measurements of the sizes and shapes of accretion disks around protostars.

Although opportunities may exist to further develop the JCMT’s role in interferometry at relatively low cost, either by linking it to the Smithsonian Sub-Millimetre Array or possibly to the other large telescopes on Mauna Kea (see section 3.3.2.3, page 32), UK participation in a new dedicated large millimetre-wave aperture synthesis array offers the most promising long term prospect.

There is exciting scientific potential in observations at high angular resolution in the mm and sub-mm wavebands, especially in the areas of star-formation and the structure and evolution of galaxies.  The possibility has recently emerged of being able to detect and make images of the dust and gas in high redshift objects (z from 1 to at least 4) where galaxy formation is thought to be taking place and the first generations of stars are probably being formed.  Given the astronomical interests of the UK community, together with its technical expertise in both millimetre-wave receivers and aperture synthesis, this is a natural project for UK involvement.

There are presently four millimetre-wave interferometers in operation - BIMAxe "BIMA", IRAMxe "IRAM", Nobeyama and OVROxe "OVRO".  These generally operate at frequencies between 80 and 230 GHz (3.7 to 1.3 mm wavelength), have angular resolutions of a few seconds of arc, collecting areas of 250 to 800 square meters, and are made up of between 5 and 9 antennas with diameters in the range 6 to 15 metres. 

New projects being proposed would provide an order of magnitude greater collecting area and angular resolutions of 0.1 or even 0.05 arcseconds.  Extension of the frequency range down to the limit of the VLA (50 GHz) and up into the submillimetre bands would also be included in the goals.  There is no doubt that such an instrument would rapidly come to dominate the field of high-resolution millimetre-wave astronomy, just as the VLA did at centimetre wavelengths.  However, it appears unlikely that observing time on a large millimetre array would be available  through open competition to non‑participants.  Instead, it would probably be divided up amongst the partners in the project on the basis of shares proportional to contributions.  This makes consideration of UK involvement a high priority.

Three such projects have been proposed: the US MMA project, which consists of forty 8-metre dishes; the Japanese LMAxe "LMA" project, which is for fifty dishes of 10 metres diameter; and a European proposal for a Next Generation Millimetre Array, which is focused on achieving the best possible sensitivity at wavelengths between 1 and 3 mm and calls for fifty 15‑metre dishes. All three projects are based around high altitude sites in northern Chile which are flat enough to accommodate long baselines and which have excellent transparency at millimetre wavelengths.  A southern hemisphere site also has the advantage of giving better access to such important objects as the star-forming regions in the inner part of the Galaxy, the Magellanic clouds and the nearest AGNxe "AGN" (Cen A).

An array would probably cost $150-200M in total (at current prices).  A significant UK involvement in such a project would probably require a capital contribution in the region of $20M (at current prices).

4.3.2
OPTICAL AND NEAR IR INTERFEROMETRIC IMAGING

Despite the achievements of the HST and the promise offered by adaptive optics, the resolution of all foreseeable monolithic telescopes is unlikely to exceed 40-20 milliarcseconds at optical and near-infrared wavelengths, i.e. the diffraction limit of a 4-8m class telescope.  Higher resolutions will only be achieved with interferometric arrays of separated telescopes.  A programme of orderly development from small instruments limited in scope, such as the Cambridge Optical Aperture Synthesis Telescope (COASTxe "COAST"), through more moderate interferometers with well targeted astrophysical applications, towards an advanced array employing large-aperture (8m class) collectors and adaptive optics represents the most realistic approach towards these high resolutions.

There is a very wide range of scientific programmes which require very high angular resolution.  The fundamental properties of even quiescent main-sequence stars are currently accessible only indirectly (by, for example, spectroscopy) and not by detailed imaging.  More evolved counterparts exhibit a wide range of interesting physical phenomena, for which high-angular resolution imaging would considerably improve our understanding.  Direct imaging and resolution of multiple systems, involving mass transfer, interaction and accretion flows, and of protostellar and protoplanetary structures represent another class of potential targets. In extragalactic astronomy, a particularly exciting application would be the resolution of the broad-line-region of active galactic nuclei and their surrounding accretion tori.  

4.3.2.1
Current Activity in Interferometry

Interferometric techniques have been applied successfully on monolithic telescopes using non‑redundant aperture masking to give diffraction-limited images of nearby supergiant, giant and multiple stars and their circumstellar environments.  However, there are very few arrays of separated telescopes designed for imaging.  MRAO’s COAST, which comprises four 40cm telescopes, was the first such array.  The US Naval Research Laboratory’s Big Optical Array (BOAxe "BOA") consists of six telescopes, currently 15cm aperture.  Also in the USA there are plans to add a third telescope to the existing 45cm telescopes of the IOTA interferometer and designs for the CHARAxe "CHARA" array involve seven telescopes of 1m aperture.  Other interferometers world-wide contain only two elements and, as such, are not useable for imaging.

All of these first generation arrays operate in the red or near-IR and are expected to have limiting magnitudes of about +8 to +10.

Two rather more ambitious instruments, yet to be built, are the ESOxe "ESO" Very Large Telescope Interferometer (VLTIxe "VLTI") and the Keck interferometer.  These both plan to use the large unit telescopes at each observatory together with “outrigger” arrays comprising three to five 1-2m class telescopes.  The status of the VLTI remains unclear because of budgetary problems.

The first generation arrays will provide the first high resolution images, explore which scientific areas are most productive and establish the essential technical developments for interferometry.  The chief aim of future arrays will be to give images with many more picture elements, to reach a fainter limiting magnitude and to combine high spatial resolution with spectroscopy.

4.3.2.2
Directions for Future Projects

There are three broad classes of possible future developments.  In increasing order of difficulty, expense and time-scale they are:

(i)
a ground-based array similar in outline to existing arrays but on a better site, with many more telescopes of somewhat greater size;

(ii)
a fibre-linked array employing existing large telescopes on a common site, e.g. on La Palma or Hawaii.  Such an instrument would only be valuable if the telescopes incorporated in the array were diffraction-limited, implying full adaptive correction at each telescope using laser-guide star technologies.  Apart from the cost and long timescales associated with this approach, an additional logistical problem would be the necessity of obtaining the large amount of commissioning time likely to be needed;

(iii)
a space-based array, either free-flying or lunar-based.  With either of these options, the freedom from atmospheric perturbations is balanced by the formidable technical difficulties.

A space-borne array (Gaia), concentrating primarily on infrared wavelengths inaccessible from the ground, is included in the plans for the ESA Horizon 2000+ Programme, but the earliest launch date for this is around 2010 and only the first of the above represents a realistic next step for interferometric arrays.  A future ground-based array would require a fainter limiting magnitude (+13 in R, fainter at K) than COAST so that the nuclei of nearby active galaxies and quasars became accessible.  It would probably comprise around 15 telescopes each of up to 1m diameter.  Operation would be in the wavelength range 0.5- 2.2 m to cater for a broad enough range of scientific programmes, with resolutions down to perhaps 250 microarcseconds with 400m baselines.  It would need to be located on a site giving good operation at these wavelengths, avoiding the thermal IR, with the Canaries preferred to Hawaii, because of the lower high-altitude wind speeds, and Tenerife to La Palma because of the availability of flatter sites, offering baselines up to 1 km.  

Such a development would further test and develop the technology of optical/IR interferometry and help pave the way for more ambitious projects such as Gaia.

With the experience acquired with COAST, the UK is in a strong position to take the lead in this field.  The likely capital cost is about £4M at current prices.

4.3.3
HIGH POWER LASER BEACON ADAPTIVE OPTICS

A high-power laser guide‑star programme on the WHT would produce near‑diffraction‑limited images in the optical waveband.  If fully successful, this technique would produce higher resolution images than the HST on a telescope with a collecting area three times larger.  Such programmes are unlikely to appear on telescopes larger than the WHT for some time.  The main limitation on a single sodium beacon will be focal anisoplanatism.  This effect becomes a problem around 2-4m aperture (depending on the altitude of the atmospheric turbulence).  An 8m telescope would certainly require multiple laser beacons, leading to enormous complexity and high technical risk.  

The programme would be ambitious and currently appears to be expensive (>£10M at current prices), but the potential exists to share funding with the EPSRCxe "EPSRC" and/or international and industrial partners, and the costs may in any case be overestimated.  The potential scientific gain (diffraction‑limited imaging at 0.5m on a 4m telescope) is certainly enormous.

The exploitation of near‑diffraction‑limited images in the optical band would require a major change in instrumentation, since the current cameras and spectrographs on the WHT are optimised for image sizes between 0.5 and 1.0 arcsec FWHM.   These instruments would, however, continue to be in demand for the many interesting astronomical objects of low surface brightness.

The diffraction‑limited image at 1m has FWHM 0.06 arcsec, and Strehl ratios approaching 1 should be achievable in good conditions.  Residual wavefront errors are likely to distribute the remainder of the light in a halo which would limit the dynamic range (core/halo) to around 100 (about 300 times worse than the HST).  

Ground‑based observations are likely to gain in the many cases where high dynamic range and wide field of view are not required, and where the larger collecting area, smaller diffraction limit and more versatile instrumentation of a ground‑based telescope are important factors.  The highest‑priority instruments would be:

Optical camera, matched to expected image size. 

Low‑intermediate dispersion, high‑throughput spectrograph. 

High resolution spectrograph. 

These instruments would be substantially smaller and cheaper than their current equivalents, with small fields of view (because of the limited area of sky  that can be corrected).

4.3.4
Square Kilometer Array

The need for a radio array with a collecting area of 106m2 (approximately two orders of magnitude larger than the VLA), providing an improvement in sensitivity of one to two orders of magnitude compared with the VLA, has been recognised by the international radioastronomy community.  

Operating at decimeter (<5 GHz) wavelengths, with a collecting area of 1km2, the SKAxe "SKA" could carry out observations of neutral hydrogen with a resolution of order 1 arcsec from z=0 to z=10. The detailed measurement of the neutral hydrogen distribution at this resolution over this range of distances would provide exciting new information on star formation, galaxy formation, the amount and location of dark matter in individual galaxies and would better constrain the value of Ho via the Tully-Fisher technique. Studies of the kinematics of large numbers of clusters and groups of galaxies would also constrain the total (visible+dark) matter content of the Universe.

It would also be a valuable instrument for finding and studying pulsars, particularly millisecond ones, many of which have been found in globular clusters.  Such a survey would place useful limits on the number of neutron stars in a cluster - a valuable constraint on the end-point of stellar evolution - and a comparison of their periods could reveal the passage of long-wavelength gravitational radiation.

The collecting area would be distributed over several hundred km and would involve something in the region of a hundred 100m dishes.  Australia would be a possible site. The cost of the array is estimated at around $200M (at current prices) and to be a significant partner the UK would need to contribute about 10%.

4.3.5
Arcminute Microkelvin Imager

Future studies of the cosmic microwave background, building on the results it is hoped the VSA will produce, will require large field arcminute-scale observations to find the precursors of clusters of galaxies; search for cosmic strings, whose presence on scales of 1-10 arcmin is predicted by topological-defect models of the early Universe; and carry out S-Z studies of structural features in clusters of galaxies.

To achieve these goals will require the construction of a new instrument, an Arcminute Microkelvin Imager (AMIxe "AMI").  Current designs consist of seven 7m dishes with baselines of up to 50m, a correlator of 2 GHz instantaneous bandwidth and receivers at 15 and 30 GHz.  The provision of two observing frequencies extends the range of angular scales accessible, so that, for example, lower redshift clusters can also be observed.  The projected capital cost is £2.7M at current prices. 

5.
conclusions

The UK has an impressive record of research in astronomy.  Its standing in the subject, as measured by standard bibliometric indices, has, over the last 10 years or so, been second only to that of the USA.  This success has been built around carefully-planned past investments in front-rank observational facilities, both on the ground and in space, providing UK astronomers with access to all wavelengths.  In particular, the UK is now reaping the benefits of the investments made during the 1970s and 1980s in major world-class ground-based telescopes on some of the world’s best sites and equipped with state-of-the art instrumentation.

The UK’s position at the fore-front of world astronomy can only be maintained through continued investment in observational facilities.  The requirements are threefold: a continued involvement in high quality space missions; a continued programme of developments aimed at maintaining the competitiveness of the ground-based telescopes; and a programme of new, innovative, ground-based facilities, capable of extending the subject into new areas.

The developments of the existing telescopes described in this report show the sort of investment needed to satisfy the second of these requirements.  The programme that actually unfolds will undoubtedly differ in detail, and will in the end be decided by the individual telescope boards and committees.  But the general strategic aims, of  giving the telescopes specific roles and of providing them with the developments they need to fulfil these roles and remain internationally competitive, should remain. The plan shows the type of programme, and level of investment, that is needed to achieve these aims.    

The next new ground-based facility will of course be Gemini and the entry of the UK into the era of 8m class telescopes will deliver a range of exciting scientific opportunities, particularly where greater sensitivity is a key requirement.  Future facilities in the optical, IR and mm arena are most likely to involve interferometry to deliver the highest possible angular resolutions, on which progress in a number of important scientific areas depends.  The UK’s expertise in interferometric techniques puts it in a strong position to participate in these developments and a significant involvement is needed to maintain the UK’s place in world astronomy.  In radioastronomy, the quest for increased sensitivity - mirroring the recent trend in the optical/IR towards larger apertures - dominates the requirements for major new investments in generalist ground-based common-user facilities.  In the short-term, the opportunity exists for the UK to add to its excellent reputation in cosmology, and to exploit its experience in interferometry, by developing ground-based interferometric techniques for mapping the cosmic microwave background.

A balanced programme of continued investment in existing and new ground-based facilities and in space missions, with a level of investment in the former of a magnitude of that recommended in this report, should, the Panel believes, help to maintain the strength and international competitiveness of the UK’s astronomy programme over the next ten years


APPENDIX 1 - FINANCIAL TABLES

Tables 1-8 show approximate costs and staff numbers associated with the recommended developments in the minimum effective and ideal programmes.  Current on-going projects are also shown.  

The tables assume an annual indexation rate of 2%.  Staff costs include an overhead element averaging 45% of the direct staff cost.

In the UKIRT table, some credits are shown against MICHELLE: these are the amounts credited to the UK contribution to the Gemini capital cost as part of the cost of MICHELLE.

Table 1  MERLIN

	MERLIN (INCLUDING VLBI)
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	01/02
	02/03
	03/04
	04/05
	TOTAL

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM EFFECTIVE PROGRAMME
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	MERLIN development
	200
	200
	202
	204
	206
	208
	212
	214
	216
	218
	2080

	Staff
	3.50
	3.50
	3.50
	3.50
	3.50
	3.50
	3.50
	3.50
	3.50
	3.50
	35.00

	Defford Telescope refurbishment
	0
	111
	410
	508
	0
	0
	0
	0
	0
	0
	1029

	Staff
	0.00
	2.00
	2.00
	2.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	6.00

	EVN Developments
	0
	0
	0
	0
	0
	0
	233
	453
	230
	118
	1033

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	2.00
	2.00
	2.00
	2.00
	8.00

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM PROGRAMME TOTAL
	200
	311
	612
	712
	206
	208
	445
	667
	446
	336
	4142

	Staff
	3.50
	5.50
	5.50
	5.50
	3.50
	3.50
	5.50
	5.50
	5.50
	5.50
	49.00

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	ADDITIONAL DEVELOPMENTS
	
	
	
	
	
	
	
	
	
	
	

	Broadbanding-correlator
	0
	0
	0
	0
	0
	0
	321
	1024
	1527
	231
	3103

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	4.00
	4.00
	4.00
	4.00
	16.00

	Broadbanding - optical fibres
	0
	0
	0
	0
	0
	0
	391
	794
	2027
	2031
	5243

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	4.00
	4.00
	4.00
	4.00
	16.00

	Wardle replacement
	0
	0
	0
	513
	511
	0
	0
	0
	0
	0
	1024

	Staff
	0.00
	0.00
	0.00
	3.00
	3.00
	0.00
	0.00
	0.00
	0.00
	0.00
	6.00

	Additional MERLIN telescope
	0
	0
	0
	0
	0
	0
	0
	2924
	1627
	331
	4882

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	4.00
	4.00
	4.00
	12.00

	Space VLBI
	0
	0
	105
	103
	102
	0
	0
	0
	0
	0
	310

	Staff
	0.00
	0.00
	2.25
	2.25
	2.25
	0.00
	0.00
	0.00
	0.00
	0.00
	6.75

	
	
	
	
	
	
	
	
	
	
	
	

	ADDITIONAL PROGRAMME TOTAL
	0
	0
	105
	616
	613
	0
	712
	4742
	5181
	2593
	14562

	Staff
	0.00
	0.00
	2.25
	5.25
	5.25
	0.00
	8.00
	12.00
	12.00
	12.00
	56.75

	
	
	
	
	
	
	
	
	
	
	
	

	IDEAL PROGRAMME TOTAL
	200
	311
	717
	1328
	819
	208
	1157
	5409
	5627
	2929
	18704

	Staff
	3.50
	5.50
	7.75
	10.75
	8.75
	3.50
	13.50
	17.50
	17.50
	17.50
	105.75


Table 2  UKIRT

	UKIRT
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	01/02
	02/03
	03/04
	04/05
	TOTAL

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM PROGRAMME
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	UPGRADES
	411
	421
	70
	0
	0
	0
	0
	0
	0
	0
	902

	Staff
	3.20
	7.30
	1.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	12.00

	
	
	
	
	
	
	
	
	
	
	
	 

	NEW INSTRUMENTS
	
	
	
	
	
	
	
	
	
	
	

	MICHELLE
	1010
	1244
	866
	477
	-300
	-350
	0
	0
	0
	0
	2947

	Staff
	19.00
	16.70
	12.20
	5.40
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	53.30

	Polarisation system
	40
	0
	0
	0
	0
	0
	0
	0
	0
	0
	40

	Staff
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.50

	Near-IR faint object spectrograph 
	80
	0
	0
	0
	0
	0
	0
	0
	0
	0
	80

	Staff
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.50

	Integral field unit 
	20
	0
	0
	0
	0
	0
	0
	0
	0
	0
	20

	Staff
	0.40
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.40

	0.8-2.5 micron 0.06 arcsec fast-track Imager
	90.00
	246
	196
	0
	0
	0
	0
	0
	0
	0
	532

	Staff
	1.00
	4.00
	3.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	8.00

	0.8-5.5 micron Imager & grism spectrometer
	0
	0
	239
	449
	513
	370
	394
	0
	0
	0
	1965

	Staff
	0.00
	0.00
	3.00
	8.00
	10.00
	6.00
	7.00
	0.00
	0.00
	0.00
	34.00

	Improved emissivity of telescope
	0
	0
	0
	0
	34
	35
	0
	0
	0
	0
	69

	Staff
	0.00
	0.00
	0.00
	0.00
	0.50
	0.50
	0.00
	0.00
	0.00
	0.00
	1.00

	Integral field unit for grism spectrometer
	0
	0
	0
	0
	0
	109
	110
	0
	0
	0
	219

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	2.00
	1.00
	0.00
	0.00
	0.00
	3.00

	IR wavefront sensor for Tip Tir secondary
	0
	0
	0
	79
	157
	161
	0
	0
	0
	0
	397

	Staff
	0.00
	0.00
	0.00
	1.00
	2.00
	2.00
	0.00
	0.00
	0.00
	0.00
	5.00

	Wide field instrument
	0
	0
	0
	222
	440
	449
	458
	467
	475.50
	486
	2996

	Staff
	0.00
	0.00
	0.00
	4.00
	8.00
	8.00
	8.00
	8.00
	8.00
	8.00
	52.00

	F/16 Tip Tilt secondary
	0
	0
	0
	0
	0
	229
	235
	242
	0
	0
	706

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	2.00
	2.00
	2.00
	0.00
	0.00
	6.00

	ADAPTIVE OPTICS
	
	
	
	
	
	
	
	
	
	
	

	JOSE
	80
	20
	20
	20
	19
	0
	0
	0
	0
	0
	159

	Staff
	1.20
	0.50
	0.50
	0.50
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	3.20

	
	
	
	
	
	
	
	
	
	
	
	 

	MINIMUM PROGRAMME TOTAL
	1731
	1931
	1391
	1247
	863
	1003
	1196
	709
	476
	486
	11031

	Staff
	25.80
	28.50
	20.20
	18.90
	21.00
	20.50
	18.00
	10.00
	8.00
	8.00
	178.90

	
	
	
	
	
	
	
	
	
	
	
	

	ADDITIONAL DEVELOPMENTS
	
	
	
	
	
	
	
	
	
	
	

	CGS4 2nd upgrade
	0
	0
	0
	108
	225
	228
	151
	0
	0
	0
	712

	Staff
	0.00
	0.00
	0.00
	2.00
	4.00
	4.00
	3.00
	0.00
	0.00
	0.00
	13.00

	CGS4 3rd upgrade
	0
	0
	0
	0
	100
	39
	120
	120
	0
	0
	379

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	1.00
	0.50
	0.50
	0.00
	0.00
	2.00

	0.8-2.5 micron wide-field imager
	0
	0
	0
	0
	0
	491
	494
	497
	0
	0
	1482

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	10.00
	10.00
	10.00
	0.00
	0.00
	30.00

	Adaptive optics
	76
	78
	78
	77
	283
	648
	882
	1378
	987
	269
	4756

	Staff
	1.50
	1.50
	1.50
	1.50
	5.10
	7.50
	13.50
	15.50
	9.50
	3.50
	60.60

	
	
	
	
	
	
	
	
	
	
	
	

	ADDITIONAL DEVELOPMENTS TOTAL
	76
	78
	78
	185
	608
	1406
	1647
	1995
	987
	269
	7329

	Staff
	1.50
	1.50
	1.50
	3.50
	9.10
	22.50
	27.00
	26.00
	9.50
	3.50
	105.60

	
	
	
	
	
	
	
	
	
	
	
	

	IDEAL PROGRAMME TOTAL
	1807
	2009
	1469
	1432
	1471
	2409
	2843
	2704
	1463
	755
	18360

	Staff
	27.30
	30.00
	21.70
	22.40
	30.10
	43.00
	45.00
	36.00
	17.50
	11.50
	284.50


Table 3  JCMT

	JCMT
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	01/02
	02/03
	03/04
	04/05
	TOTAL

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM EFFECTIVE PROGRAMME
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	EFFICIENCY IMPROVEMENTS
	
	
	
	
	
	
	
	
	
	
	

	Software upgrades
	11
	11
	17
	12
	17
	12
	17
	12
	17
	12
	138

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Surface upgrades 1
	3
	28
	79
	0
	50
	186
	125
	59
	0
	0
	530

	Staff
	0.00
	0.60
	1.70
	0.00
	1.10
	4.00
	2.60
	1.20
	0.00
	0.00
	11.20

	Surface upgrades 2
	0
	0
	0
	0
	0
	0
	0
	0
	153
	296
	449

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	3.00
	5.00
	8.00

	Telescope improvements
	106
	66
	7
	16
	12
	12
	19
	2
	39
	39
	318

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Remote observing
	0
	4
	11
	41
	15
	0
	0
	0
	0
	0
	71

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	
	
	
	
	
	
	
	
	
	
	

	NEW INSTRUMENTS
	
	
	
	
	
	
	
	
	
	
	

	SCUBA
	242
	0
	0
	0
	0
	0
	0
	0
	0
	0
	242

	Staff
	5.20
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	5.20

	SCUBA polarmeter 
	6
	0
	0
	0
	0
	0
	0
	0
	0
	0
	6

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	B Band Array Phase 1
	0
	315
	489
	437
	349
	162
	0
	0
	0
	0
	1752

	Staff
	0.00
	6.90
	9.90
	9.10
	7.40
	4.10
	0.00
	0.00
	0.00
	0.00
	37.40

	B Band Array Phase 2
	0
	0
	0
	0
	252
	315
	236
	76
	0
	0
	879

	Staff
	0.00
	0.00
	0.00
	0.00
	5.20
	6.10
	3.90
	0.50
	0.00
	0.00
	15.70

	Array Infrastructure
	0
	0
	0
	13
	28
	0
	0
	0
	27
	0
	68

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	C/D camera
	0
	0
	0
	0
	0
	0
	0
	133
	236
	102
	471

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	3.00
	4.00
	1.00
	8.00

	Broad-band tunerless mixers 
	7
	0
	0
	0
	0
	0
	0
	0
	0
	0
	7

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	R x E1 
	10
	8
	0
	0
	0
	0
	0
	0
	0
	0
	18

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	R x W
	13
	0
	0
	0
	0
	0
	0
	0
	0
	0
	13

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Interferometry upgrades
	26
	0
	0
	0
	0
	0
	0
	0
	0
	0
	26

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	SIS receiver 
	13
	0
	0
	0
	0
	0
	0
	0
	0
	0
	13

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Innovative new projects
	0
	11
	83
	83
	83
	85
	87
	89
	92
	94
	707

	Staff
	0.00
	0.00
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50
	1.50
	12.00

	SIS receiver develepment 
	40
	0
	0
	0
	0
	0
	0
	0
	0
	0
	40

	Staff
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.50

	SIS/facilities development
	150
	160
	0
	0
	0
	0
	0
	0
	0
	0
	310

	Staff
	3.00
	3.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	6.00

	Bolometer/filter development 
	85
	45
	45
	0
	0
	0
	0
	0
	0
	0
	175

	Staff
	2.00
	1.00
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	4.00

	Mm receivers/Inteferometry development
	370
	372
	0
	0
	0
	0
	0
	0
	0
	0
	742

	Staff
	8.00
	8.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	16.00

	
	
	
	
	
	
	
	
	
	
	
	

	SUB ARCESCOND IMAGING
	
	
	
	
	
	
	
	
	
	
	

	Spare fibre link (MRAO)
	0
	13
	0
	0
	0
	0
	0
	0
	0
	0
	13

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	SMA receiver
	0
	0
	0
	0
	0
	247
	518
	300
	129
	0
	1194

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	5.00
	10.00
	5.00
	2.00
	0.00
	22.00

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM PROGRAMME TOTAL
	1082
	1033
	731
	602
	806
	1019
	1002
	671
	693
	543
	8182

	Staff
	18.70
	19.50
	14.10
	10.60
	15.20
	20.70
	18.00
	11.20
	10.50
	7.50
	146.00


Table 4  WHT

	WHT
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	01/02
	02/03
	03/04
	04/05
	TOTAL

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM EFFECTIVE PROGRAMME
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	ENHANCEMENTS
	
	
	
	
	
	
	
	
	
	
	

	Seeing improvements
	59
	121
	90
	18
	0
	0
	0
	0
	0
	0
	288

	Staff
	0.80
	1.50
	1.00
	0.20
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	3.50

	Telescope enhancements
	22
	46
	46
	47
	47
	48
	48
	49
	50
	72
	475

	Staff
	0.35
	0.35
	0.35
	0.35
	0.35
	0.35
	0.35
	0.35
	0.35
	0.85
	4.00

	Software improvements
	66
	69
	93
	91
	90
	0
	0
	0
	0
	0
	409

	Staff
	1.50
	1.50
	2.10
	2.10
	2.10
	0.00
	0.00
	0.00
	0.00
	0.00
	9.30

	
	
	
	
	
	
	
	
	
	
	
	

	DETECTORS
	
	
	
	
	
	
	
	
	
	
	

	Small pixel thinned CCDs
	200
	0
	137
	24
	0
	0
	0
	0
	0
	0
	361

	Staff
	2.30
	0.00
	2.40
	0.40
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	5.10

	High speed, low noise CCDs
	0
	0
	50
	188
	100
	0
	0
	0
	0
	0
	338

	Staff
	0.00
	0.00
	0.80
	3.20
	1.60
	0.00
	0.00
	0.00
	0.00
	0.00
	5.60

	Wavelength optimised CCDs
	0
	0
	0
	85
	152
	98
	0
	0
	0
	0
	335

	Staff
	0.00
	0.00
	0.00
	1.60
	3.20
	2.00
	0.00
	0.00
	0.00
	0.00
	6.80

	Custom sensors
	0
	0
	0
	0
	0
	55
	104
	41
	0
	0
	200

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	1.20
	2.00
	0.80
	0.00
	0.00
	4.00

	Future generation CCDs
	0
	0
	0
	0
	39
	56
	120
	90
	109
	162
	576

	Staff
	0.00
	0.00
	0.00
	0.00
	0.80
	0.80
	2.00
	1.20
	1.60
	2.80
	9.20

	Near-IR optimised CCDs
	0
	0
	0
	0
	0
	0
	60
	41
	49
	46
	196

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.20
	0.80
	0.80
	0.80
	3.60

	
	
	
	
	
	
	
	
	
	
	
	

	INSTRUMENT IMPROVEMENTS
	
	
	
	
	
	
	
	
	
	

	FOS upgrade
	25
	37
	0
	0
	0
	0
	0
	0
	0
	0
	62

	Staff
	0.35
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.85

	1 arcsec WYFFOS fibres
	22
	86
	46
	0
	0
	0
	0
	0
	0
	0
	154

	Staff
	0.40
	1.50
	0.80
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	2.70

	WYFFOS INTEGRAL fibre feed 
	22
	30
	0
	0
	0
	0
	0
	0
	0
	0
	52

	Staff
	0.40
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.90

	INTEGRAL field unit 
	18
	0
	0
	0
	0
	0
	0
	0
	0
	0
	18

	Staff
	0.35
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.35

	ISIS polarisation 
	42
	5
	0
	0
	0
	0
	0
	0
	0
	0
	47

	Staff
	0.75
	0.10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.85

	ISIS immersion grating 
	0
	36
	0
	0
	0
	0
	0
	0
	0
	0
	36

	Staff
	0.00
	0.40
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.40

	UES high throughput derotator
	36
	1
	0
	0
	0
	0
	0
	0
	0
	0
	37

	Staff
	0.40
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.40

	UES short camera
	0
	0
	0
	0
	166
	103
	0
	0
	0
	0
	269

	Staff
	0.00
	0.00
	0.00
	0.00
	2.00
	1.50
	0.00
	0.00
	0.00
	0.00
	3.50

	Ultra-high resolution camera for UES
	18
	18
	0
	0
	0
	0
	0
	0
	0
	0
	36

	Staff
	0.25
	0.25
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.50

	High resolution imaging 
	252
	0
	0
	0
	0
	0
	0
	0
	0
	0
	252

	Staff
	5.70
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	5.70

	Future instrument improvements
	0
	0
	0
	217
	217
	223
	229
	235
	242
	249
	1612

	Staff
	0.00
	0.00
	0.00
	4.00
	4.00
	4.00
	4.00
	4.00
	4.00
	4.00
	28.00

	
	
	
	
	
	
	
	
	
	
	
	 

	NEW INSTRUMENTS
	
	
	
	
	
	
	
	
	
	
	

	WYFFOS
	76
	0
	0
	0
	0
	0
	0
	0
	0
	0
	76

	Staff
	1.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.50

	HRUS/UV high-res spectrometer
	0
	0
	0
	133
	318
	265
	0
	0
	0
	0
	716

	Staff
	0.00
	0.00
	0.00
	2.00
	4.00
	4.00
	0.00
	0.00
	0.00
	0.00
	10.00

	Near-IR fibre fed spectograph
	0
	0
	0
	128
	310
	318
	0
	0
	0
	0
	756

	Staff
	0.00
	0.00
	0.00
	2.00
	4.00
	4.00
	0.00
	0.00
	0.00
	
	10.00

	
	
	
	
	
	
	
	
	
	
	
	 

	ADAPTIVE OPTICS
	
	
	
	
	
	
	
	
	
	
	

	JOSE(50%)
	144
	25
	25
	25
	24
	0
	0
	0
	0
	0
	243

	Staff
	2.00
	0.50
	0.50
	0.50
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	4.00

	WHIRCAM (Oxford)
	66
	0
	0
	0
	0
	0
	0
	0
	0
	0
	66

	Staff
	0.70
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.70

	AO programme infrastructure
	80
	82
	82
	81
	81
	82
	83
	85
	87
	88
	831

	Staff
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60
	1.60
	16.00

	Natural Guide-Star Adaptive Optics
	
	
	
	
	
	
	
	
	
	

	Natural Guide-Star system
	288
	800
	700
	300
	305
	0
	0
	0
	0
	0
	2393

	Staff
	4.00
	11.00
	11.00
	5.70
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	31.70

	Near-IR spectograph
	0
	0
	124
	124
	0
	0
	0
	0
	0
	0
	248

	Staff
	0.00
	0.00
	2.50
	2.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	5.00

	Laser Beacon Adaptive Optics
	
	
	
	
	
	
	
	
	
	
	 

	Low power laser system
	0
	0
	0
	84
	127
	183
	379
	728
	486
	191
	2178

	Staff
	0.00
	0.00
	0.00
	1.10
	2.20
	2.00
	4.00
	6.00
	4.00
	2.00
	21.30

	
	
	
	
	
	
	
	
	
	
	
	 

	MINIMUM PROGRAMME TOTAL
	1436
	1356
	1393
	1545
	1977
	1431
	1023
	1269
	1023
	808
	13260

	Staff
	23.35
	19.70
	23.05
	27.25
	26.35
	21.45
	15.15
	14.75
	12.35
	12.05
	195.45

	
	
	
	
	
	
	
	
	
	
	
	 

	ADDITIONAL DEVELOPMENTS
	
	
	
	
	
	
	
	
	
	
	

	WYFFOS development
	0
	0
	119
	123
	0
	0
	0
	0
	0
	0
	242

	Staff
	0.00
	0.00
	2.50
	2.60
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	5.10

	Northern UHRF
	0
	0
	0
	0
	0
	199
	202
	0
	0
	0
	401

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	2.50
	2.50
	0.00
	0.00
	0.00
	5.00

	
	
	
	
	
	
	
	
	
	
	
	

	ADDITIONAL PROGRAMME TOTAL
	0
	0
	119
	123
	0
	199
	202
	0
	0
	0
	643

	Staff
	0.00
	0.00
	2.50
	2.60
	0.00
	2.50
	2.50
	0.00
	0.00
	0.00
	10.10

	
	
	
	
	
	
	
	
	
	
	
	

	IDEAL PROGRAMME TOTAL
	1436
	1356
	1512
	1668
	1977
	1630
	1225
	1269
	1023
	808
	13903

	Staff
	23.35
	19.70
	25.55
	29.85
	26.35
	23.95
	17.65
	14.75
	12.35
	12.05
	205.55


Table 5  INT

	INT
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	 01/02
	 02/03
	 03/04
	 04/05
	TOTAL

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM EFFECTIVE PROGRAMME
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	ENHANCEMENTS
	
	
	
	
	
	
	
	
	
	
	

	Seeing Improvements
	0
	0
	58
	56
	61
	20
	0
	0
	0
	0
	195

	Staff
	0.00
	0.00
	1.10
	0.70
	0.40
	0.20
	0.00
	0.00
	0.00
	0.00
	2.40

	Telescope Improvements
	64
	97
	10
	0
	0
	0
	0
	0
	0
	0
	171

	Staff
	0.60
	0.75
	0.10
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	1.45

	
	
	
	
	
	
	
	
	
	
	
	

	DETECTORS
	
	
	
	
	
	
	
	
	
	
	

	Small pixel thinned CCDs
	22
	0
	69
	37
	0
	0
	0
	0
	0
	0
	128

	Staff
	0.30
	0.00
	1.10
	0.60
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	2.00

	High speed, low noise CCDs
	0
	44
	72
	20
	0
	0
	0
	20
	37
	38
	231

	Staff
	0.00
	0.80
	1.20
	0.40
	0.00
	0.00
	0.00
	0.40
	0.40
	0.80
	4.00

	Wavelength optimised CCDs
	0
	0
	0
	0
	52
	56
	29
	0
	0
	0
	137

	Staff
	0.00
	0.00
	0.00
	0.00
	0.80
	0.80
	0.40
	0.00
	0.00
	0.00
	2.00

	Custom sensors
	0
	0
	0
	0
	0
	40
	72
	41
	0
	0
	153

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.80
	1.20
	0.80
	0.00
	0.00
	2.80

	
	
	
	
	
	
	
	
	
	
	
	

	INSTRUMENT IMPROVEMENTS
	
	
	
	
	
	
	
	
	
	
	

	FOS upgrade
	25
	37
	0
	0
	0
	0
	0
	0
	0
	0
	62

	Staff
	0.40
	0.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.90

	Cassegrain imaging camera
	0
	0
	0
	0
	0
	0
	161
	0
	0
	0
	161

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	3.00
	0.00
	0.00
	0.00
	3.00

	
	
	
	
	
	
	
	
	
	
	
	 

	NEW INSTRUMENTS
	
	
	
	
	
	
	
	
	
	
	

	Pennypacker Mosaic
	282
	97
	0
	0
	0
	0
	0
	0
	0
	0
	379

	Staff
	4.60
	1.50
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	6.10

	
	
	
	
	
	
	
	
	
	
	
	 

	MINIMUM PROGRAMME TOTAL
	393
	275
	209
	113
	113
	116
	262
	61
	37
	38
	1617

	Staff
	5.90
	3.55
	3.50
	1.70
	1.20
	1.80
	4.60
	1.20
	0.40
	0.80
	24.65

	
	
	
	
	
	
	
	
	
	
	
	 

	ADDITIONAL DEVELOPMENT
	
	
	
	
	
	
	
	
	
	
	

	8k x 8k mosaic
	0
	0
	0
	0
	83
	606
	640
	0
	0
	0
	1329

	Staff
	0.00
	0.00
	0.00
	0.00
	0.60
	7.30
	7.70
	0.00
	0.00
	0.00
	15.60

	
	
	
	
	
	
	
	
	
	
	
	 

	ADDITIONAL PROGRAMME TOTAL
	0
	0
	0
	0
	83
	606
	640
	0
	0
	0
	1329

	Staff
	0.00
	0.00
	0.00
	0.00
	0.60
	7.30
	7.70
	0.00
	0.00
	0.00
	15.60

	
	
	
	
	
	
	
	
	
	
	
	

	IDEAL PROGRAMME TOTAL
	393
	275
	209
	113
	196
	722
	902
	61
	37
	38
	2946

	Staff
	5.90
	3.55
	3.50
	1.70
	1.80
	9.10
	12.30
	1.20
	0.40
	0.80
	40.25


Table 6   JKT

	JKT
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	01/02
	02/03
	03/04
	04/05
	TOTAL

	
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM EFFECTIVE PROGRAMME
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	ENHANCEMENTS
	
	
	
	
	
	
	
	
	
	
	

	Seeing improvements
	0
	0
	102
	78
	0
	0
	0
	0
	0
	0
	180

	Staff
	0.00
	0.00
	1.40
	0.60
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	2.00

	Telescope Improvements
	18
	58
	124
	93
	0
	0
	0
	0
	0
	0
	293

	Staff
	0.30
	0.60
	1.40
	0.90
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	3.20

	
	
	
	
	
	
	
	
	
	
	
	 

	DETECTORS
	
	
	
	
	
	
	
	
	
	
	

	Small pixel, high QE CCDs
	16
	18
	12
	0
	0
	0
	0
	0
	0
	0
	46

	Staff
	0.40
	0.25
	0.20
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.85

	High speed, low noise CCDs
	0
	0
	20
	20
	0
	0
	0
	0
	21
	21
	82

	Staff
	0.00
	0.00
	0.40
	0.40
	0.00
	0.00
	0.00
	0.00
	0.40
	0.40
	1.60

	Date acquistion upgrade
	0
	8
	0
	0
	0
	0
	0
	0
	0
	0
	8

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	
	
	
	
	
	
	
	
	
	
	
	

	IMAGING UPGRADE
	
	
	
	
	
	
	
	
	
	
	

	Tip-tilt platform
	0
	0
	0
	52
	220
	196
	0
	0
	0
	0
	467

	Staff
	0.00
	0.00
	0.00
	0.90
	3.90
	3.50
	0.00
	0.00
	0.00
	0.00
	8.30

	
	
	
	
	
	
	
	
	
	
	
	 

	MINIMUM PROGRAMME TOTAL
	34
	84
	258
	243
	220
	196
	0
	0
	21
	21
	1076

	Staff
	0.70
	0.85
	3.40
	2.80
	3.90
	3.50
	0.00
	0.00
	0.40
	0.40
	15.95

	
	
	
	
	
	
	
	
	
	
	
	

	ADDITIONAL DEVELOPMENTS
	
	
	
	
	
	
	
	
	
	
	

	4096x4096 optical camera
	0
	0
	0
	176
	175
	122
	0
	0
	0
	0
	473

	Staff
	0.00
	0.00
	0.00
	2.60
	2.60
	1.80
	0.00
	0.00
	0.00
	0.00
	7.00

	1024x1024 NIR cameras
	0
	0
	0
	0
	0
	0
	342
	0
	0
	0
	342

	Staff
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	2.30
	0.00
	0.00
	0.00
	2.30

	
	
	
	
	
	
	
	
	
	
	
	

	ADDITIONAL PROGRAMME TOTAL
	0
	0
	0
	176
	175
	122
	342
	0
	0
	0
	815

	Staff
	0.00
	0.00
	0.00
	2.60
	2.60
	1.80
	2.30
	0.00
	0.00
	0.00
	9.30

	
	
	
	
	
	
	
	
	
	
	
	

	IDEAL PROGRAMME TOTAL
	34
	84
	258
	419
	395
	318
	342
	0
	21
	21
	1891

	Staff
	0.70
	0.85
	3.40
	5.40
	6.50
	5.30
	2.30
	0.00
	0.40
	0.40
	25.25


Table 7  Gemini and AAT

	GEMINI AND AAT
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	 01/02
	 02/03
	 03/04
	 04/05
	TOTAL

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	GEMINI
	
	
	
	
	
	
	
	
	
	
	

	25% share of development fund
	0
	77
	226
	451
	801
	847
	893
	942
	964
	988
	6189

	Staff
	0.00
	1.50
	4.40
	8.80
	15.70
	16.20
	16.70
	17.20
	17.20
	17.20
	114.90

	
	
	
	
	
	
	
	
	
	
	
	

	AAT
	
	
	
	
	
	
	
	
	
	
	

	50% share of Minimum Programme
	320
	333
	360
	367
	375
	382
	390
	397
	405
	414
	3743


Table 8   Totals

	CASH TOTALS
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	 01/02
	 02/03
	 03/04
	 04/05
	TOTAL

	 
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM EFFECTIVE PROGRAMME
	
	
	
	
	
	
	
	

	 
	
	
	
	
	
	
	
	
	
	
	

	JCMT
	1082
	1033
	731
	602
	806
	1019
	1002
	671
	693
	543
	8182

	UKIRT
	1731
	1931
	1391
	1247
	863
	1003
	1196
	709
	476
	486
	11031

	WHT
	1436
	1356
	1393
	1545
	1977
	1431
	1023
	1269
	1023
	808
	13260

	INT
	393
	275
	209
	113
	113
	116
	262
	61
	37
	38
	1617

	JKT
	34
	84
	258
	243
	220
	196
	0
	0
	21
	21
	1076

	GEMINI
	0
	77
	226
	451
	801
	847
	893
	942
	964
	988
	6189

	AAT
	320
	333
	360
	367
	375
	382
	390
	397
	405
	414
	3743

	MERLIN
	200
	311
	612
	712
	206
	208
	445
	667
	446
	336
	4142

	R&D
	665
	669
	673
	673
	672
	688
	702
	718
	736
	755
	6951

	TOTAL SPECIFIED
	5861
	6069
	5853
	5952
	6032
	5889
	5913
	5433
	4800
	4389
	56191

	Unspecified developments
	0
	0
	0
	0
	0
	264
	363
	968
	1729
	2271
	5594

	TOTAL
	5861
	6069
	5853
	5952
	6032
	6153
	6276
	6401
	6529
	6660
	61786

	
	
	
	
	
	
	
	
	
	
	
	

	IDEAL PROGRAMME
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	JCMT
	1082
	1033
	731
	602
	806
	1019
	1002
	671
	693
	543
	8182

	UKIRT
	1807
	2009
	1469
	1432
	1471
	2409
	2843
	2704
	1463
	755
	18360

	WHT
	1436
	1356
	1512
	1668
	1977
	1630
	1225
	1269
	1023
	808
	13903

	INT
	393
	275
	209
	113
	196
	722
	902
	61
	37
	38
	2946

	JKT
	34
	84
	258
	419
	395
	318
	342
	0
	21
	21
	1891

	GEMINI
	0
	77
	226
	451
	801
	847
	893
	942
	964
	988
	6189

	AAT
	320
	333
	360
	367
	375
	382
	390
	397
	405
	414
	3743

	MERLIN
	200
	311
	717
	1328
	819
	208
	1157
	5409
	5627
	2929
	18704

	R&D
	665
	669
	673
	673
	672
	688
	702
	718
	736
	755
	6951

	TOTAL SPECIFIED
	5937
	6147
	6155
	7052
	7511
	8222
	9456
	12170
	10968
	7251
	80869

	Unspecified developments
	0
	0
	0
	0
	0
	155
	363
	968
	1729
	2271
	5485.5

	TOTAL
	5937
	6147
	6155
	7052
	7511
	8377
	9819
	13138
	12697
	9522
	86355

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	STAFF
	95/96
	96/97
	97/98
	98/99
	99/00
	00/01
	 01/02
	 02/03
	 03/04
	 04/05
	TOTAL

	 
	
	
	
	
	
	
	
	
	
	
	

	MINIMUM EFFECTIVE PROGRAMME
	
	
	
	
	
	
	
	

	 
	
	
	
	
	
	
	
	
	
	
	

	JCMT
	18.70
	19.50
	14.10
	10.60
	15.20
	20.70
	18.00
	11.20
	10.50
	7.50
	146.00

	UKIRT
	26
	29
	20
	19
	21
	21
	18
	10
	8
	8
	178.90

	WHT
	23.35
	19.70
	23.05
	27.25
	26.35
	21.45
	15.15
	14.75
	12.35
	12.05
	195.45

	INT
	5.90
	3.55
	3.50
	1.70
	1.20
	1.80
	4.60
	1.20
	0.40
	0.80
	24.65

	JKT
	0.70
	0.85
	3.40
	2.80
	3.90
	3.50
	0.00
	0.00
	0.40
	0.40
	15.95

	GEMINI
	0.00
	1.50
	4.40
	8.80
	15.70
	16.20
	16.70
	17.20
	17.20
	17.20
	114.90

	AAT
	
	
	
	
	
	
	
	
	
	
	 

	MERLIN
	3.50
	5.50
	5.50
	5.50
	3.50
	3.50
	5.50
	5.50
	5.50
	5.50
	49.00

	R&D
	11
	11
	11
	11
	11
	11
	11
	11
	11
	11
	110.00

	TOTAL SPECIFIED
	88.95
	90.10
	85.15
	86.55
	97.85
	98.65
	88.95
	70.85
	65.35
	62.45
	834.85

	Unspecified developments
	0
	0
	0
	0
	0
	2
	19
	32
	34
	35
	122.00

	TOTAL
	88.95
	90.10
	85.15
	86.55
	97.85
	100.65
	107.95
	102.85
	99.35
	97.45
	956.85

	
	
	
	
	
	
	
	
	
	
	
	

	IDEAL PROGRAMME
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	JCMT
	18.70
	19.50
	14.10
	10.60
	15.20
	20.70
	18.00
	11.20
	10.50
	7.50
	146.00

	UKIRT
	27.30
	30.00
	21.70
	22.40
	30.10
	43.00
	45.00
	36.00
	17.50
	11.50
	284.50

	WHT
	23.35
	19.70
	25.55
	29.85
	26.35
	23.95
	17.65
	14.75
	12.35
	12.05
	205.55

	INT
	5.90
	3.55
	3.50
	1.70
	1.80
	9.10
	12.30
	1.20
	0.40
	0.80
	40.25

	JKT
	0.70
	0.85
	3.40
	5.40
	6.50
	5.30
	2.30
	0.00
	0.40
	0.40
	25.25

	GEMINI
	0.00
	1.50
	4.40
	8.80
	15.70
	16.20
	16.70
	17.20
	17.20
	17.20
	114.90

	AAT
	
	
	
	
	
	
	
	
	
	
	 

	MERLIN
	3.50
	5.50
	7.75
	10.75
	8.75
	3.50
	13.50
	17.50
	17.50
	17.50
	105.75

	R&D
	11.00
	11.00
	11.00
	11.00
	11.00
	11.00
	11.00
	11.00
	11.00
	11.00
	110.00

	TOTAL SPECIFIED
	90.45
	91.60
	91.40
	100.50
	115.40
	132.75
	136.45
	108.85
	86.85
	77.95
	1032.20

	Unspecified developments
	0
	0
	0
	0
	0
	2
	19
	32
	34
	35
	122.00

	TOTAL
	90.45
	91.60
	91.40
	100.50
	115.40
	134.75
	155.45
	140.85
	120.85
	112.95
	1154.20



APPENDIX 2 - MEMBERSHIP AND TERMS OF REFERENCE

TERMS OF REFERENCE

1.  The Optical-Infrared-Millimetre Strategic Review Panel (OIM) set out recommendations for a strategy for the development of the UK’s optical, infrared and millimetre telescopes.  This strategy has been endorsed by Council and must now be taken forward.

2.  The GBTDP will assist the Council and the STFC executive in this task.  It will:

(i)   guide and oversee the preparation of costed options for the implementation of  the OIM strategy based on those set out in Section 4 of the OIM report;

(ii)  make an interim presentation to the joint Astronomy Committee/Council   strategy meeting on 19 September 1995 on the implementation of the OIM recommendations;

(iii)  submit a report recommending a costed programme, if necessary with options, to the Astronomy Committee on 17/18 October 1995 for the development of UK optical, infrared, millimetre and radio telescopes;

(iv)  undertake such further tasks as may result from the discussions in Council and Astronomy Committee;

(v)   submit a report to Council through the STFC Executive no later than 31 December 1995, to enable a development plan for the UK ground-based telescopes to be incorporated in the 1996 STFC Business and Corporate Plans.

MEMBERSHIP

Professor D A Williams (Chair)

Professor A Boksenberg

Dr B Boyle

Dr P A Charles

Dr M Edmunds

Dr M Griffin

Professor A Lawrence

Dr A Pedlar

Dr A le Masurier (Secretary)


APPENDIX 3 - GLOSSARY OF ABBREVIATIONS



—2—

2dF - Two Degree Field
—A—

AAO - Anglo-Australian Observatory

AAT - Anglo-Australian Telescope

AATB - Anglo-Australian Telescope Board

AGB - Asymptotic giant branch

AGN - Active Galactic Nucleus

AMI - Arcminute Microkelvin Imager

AO - Adaptive Optics

ASM - Adaptive secondary mirror
AXAF - Advanced X-ray Astrophysics Facility

—B—

BIMA - Berkeley-Indiana-Maryland Array (in California)

BOA - Big Optical Array

—C—

CCD - Charge coupled device
CCI - Comite Cientifico Internacional

CGS3 - Cooled Grating Spectrometer 3

CGS4 - Cooled Grating Spectrometer 4

CHARA - Centre for High Angular Resolution Astronomy (Georgia State University)

COAST - Cambridge Optical Aperture Synthesis Telescope

CSO - Caltech Submillimetre Observatory

—E—

EISCAT - European Incoherent Scattering Association

EPSRC - Engineering & Physical Sciences Research Council
ESO - European Southern Observatory

EVN - European VLBI Network

—F—

FIRST - Far Infrared and Submillimetre Space Telescope

FOCAP - Fibre-optic coupled aperture plate

FORS - Faint Object Red Spectrograph

FOS - Faint Object Spectrograph
FWHM - Full Width Half Maximum

—G—

GHRIL - Ground-based High Resolution Imaging Laboratory
—H—

HIA - Herzberg Institute of Astronomy

HRUS - High Resolution Ultraviolet Spectrometer

HST - Hubble Space Telescope

—I—

IAC - Instituto de Astrofisica de Canarias
IDS - Intermediate Dispersion Spectrograph
ING - Isaac Newton Group
INT - Isaac Newton Telescope
IR - Infrared
IRAM - Instituto de Radioastronomia Millimetrica (30m telescope)

IRCAM3 - IR Camera 3

IRIS - Infrared imager/spectrograph

ISIS - Intermediate Dispersion Double Spectrograph
ISO - Infrared Space Observatory

IUE - International Ultraviolet Explorer

—J—

JCMT - James Clerk Maxwell Telescope

JKT - Jacobus Kapteyn Telescope
JOSE - Joint Observatories Site Evaluation
—L—

LDSS - Low Dispersion Survey Spectrograph
LMA - Large Millimetre Array

—M—

MERLIN - Multi-element Radio-linked Interferometry Network

MICHELLE - Mid-infrared Echelle Spectrograph,

MIDAS - Mid-IR Digital Autocorrelation Spectrometer

MPIA - Max Planck Institut fur Astronomie

MRAO - Mullard Radio Astronomy Observatory

—N—

NGS - Natural Guide Star

NIR - Near-IR

NRAL - Nuffield Radio Astronomy Laboratory

NRAO - National Radio Astronomy Observatory

—O—

OIM - Optical/IR/mm

OVRO - Owens Valley Radio Observatory

—Q—

QMW - Queen Mary & Westfield College

QSO - Quasi-stellar object

—R—

RAL - Rutherford Appleton Laboratory

RBS - Richardson-Brealey Spectrograph
ROE - Royal Observatory Edinburgh

ROSAT - Roentgen Satellite

—S—

S/N - Signal to noise

SCUBA - Submillimetre Common User Bolometer Array

SIS - semiconductor-insulator-semiconductor

SKA - Square Kilometer Array

SMA - Submillimetre Array

SRON - Space Research Organisation, Netherlands
—U—

UCL - University College London

UCLES - UCL Echelle Spectrograph

UES - Utrecht Echelle Spectrograph

UHRF - Ultra-high resolution Facility

UKIRT - UK Infrared Telescope

—V—

VLA - Very Large Array

VLBA - Very Long Baseline Array

VLBI - Very Long Baseline Interferometry

VLTI - Very Large Telescope Interferometry

VSA - Very Small Array

VSOP - VLBI Space Observatory Programme

—W—

WHIRCAM - William Herschel IR Camera

WHT - William Herschel Telescope
WYFFOS - Wide-field Fibre Optic Spectrograph
—X—

XMM - X-ray Multi Mirror Mission



* MARTINI�xe "MARTINI"� on the WHT will be competitive with the upgraded UKIRT for imaging and spectroscopy in the J band when the guide star is less than, at most, 60 arcsec from the science object.  For more distant guide stars at all wavelengths; for imaging and spectroscopy at K and longer wavelengths; and for spectroscopy and possibly imaging at H, UKIRT will give superior signal to noise ratios because of its lower emissivity and temperature.  In addition, MARTINI is a development system, unlikely to be routinely available for observing programmes.
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