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Executive Summary

Scientific Objectives

The formation and evolution of stars, their interaction with interstellar material and the ultimate effect of all the various physical processes on their planetary systems are key but poorly understood issues of galactic evolution. Crucial elements of the picture concern the levels of activity in main sequence stars and the resulting stellar winds which can directly affect planetary environments on a range of timescales. In addition, stellar winds control the flow of material and flux of cosmic rays from the galactic environment which also have a potential influence on climate. Ultimately, stars recycle material back into the interstellar medium, enriching galactic metal content, through the production of white dwarfs and supernovae. All the important processes involved in these stellar lifecycles are traced by the presence of hot (105-107K) gas. Therefore, we propose a high resolution soft X-ray and Extreme Ultraviolet (EUV) spectroscopy mission to carry out a survey of Stellar and Galactic Environments (SAGE). SAGE will investigate the density, temperature, composition, magnetic field, structure, and dynamics of hot astrophysical plasmas (log T = ~5-7), addressing basic questions of stellar evolution and galactic structure. Key scientific goals:
Examine the structure and dynamics of stellar coronae: to determine the relationship between coronal heating and flares and the relative importance of magnetic reconnection and MHD/acoustic waves; study how coronal activity evolves over stellar lifetimes and the influence of this activity on astrospheres and ISM.

Study the evolution of white dwarfs: to examine the physical mechanisms controlling the atmospheric abundances and understand how important elements such as CNO are returned to enrich the interstellar medium; determine the incidence of circumstellar material associated with the disruption of remnant planetary systems.

Probe the structure & ionization of the Local Interstellar Gas: measuring density, temperature, ionization state, and depletion level of gas clouds along tbd lines-of-sight within 200pc of the Sun.

Study of accreting white dwarf binaries: to diagnose temperature, densities and composition of accretion flows and the physical status of accreting white dwarfs in cataclysmic variables and in super-soft x-ray sources.
The programme is relevant to aspects of all four of the primary Cosmic Vision themes, but concentrates on particular sub-themes, as outlined below:

What are the conditions for planet formation and the emergence of life?

Life and habitability in the Solar System (effects of stellar activity on habitability)

How does the Solar System Work

From the Sun to the edge of the Solar System (interaction of the heliosphere and ISM)
What are the fundamental physical laws of the Universe?
Matter under extreme conditions (degenerate matter, accretion onto compact objects)
How did the Universe originate and what is it made of?
The evolving violent Universe (lifecycles of matter and the galactic environment)
Science Requirements

Spectroscopic observations in soft X-ray and EUV bands provide important diagnostics of the physical conditions in the many locations where hot gas is found, including hot photospheres, stellar coronae, stellar winds and interstellar/intergalactic material. However, in the past observers have only been able to examine the bulk of material, without being able to separate out the several gas components present due to limited instrument spectral resolution and throughput. Proven new developments in normal incidence/multilayer grating and detector technology now allow high effective area and high spectral resolution (R~10,000) in the soft X-ray/EUV, providing the extra dimension of radial velocity measurements, a powerful tool to distinguish multiple spectral emission or absorption components. 
Mission Concept

While multilayer coatings deliver high reflectivity, they do have a disadvantage of narrow wavelength coverage. Therefore, our proposed SAGE concept to is to construct a suite of 8 near-normal incidence spectrometers, optimized to cover the spectral range ~90-275Å in discrete sections located at the wavelengths of critical spectral features and each delivering simultaneous high resolving power (~10,000) and effective area (30-50 cm2). This allows full application of the plasma diagnostic techniques already used successfully in solar research, delivering SOHO-like spectral capability for all stars within ~100pc of the Sun. At 124Å SAGE will have an effective area ~8 times that of the Chandra LETG and more than 5 times the spectral resolution. High-resolution spectroscopy of hot plasmas will allow unambiguous detection and measurement of weak emission lines and absorption features, and the study of source structure and dynamics through measurement of line profiles and Doppler shifts. 

The mission will require a 3-axis stabilized spacecraft bus with a pointing accuracy of 60 arcsec on a chosen target. To achieve the required spectral resolution, attititude reconstruction accuracy must be ~1 arcsec, which limits any drift in the attitude to below 1 arcsec per time sample. The spacecraft should allow acquisition of targets within an annulus of 90-120° in Sun angle, to ensure that all possible targets become available within a 6 month period. SAGE will be placed into low Earth orbit. A baseline mission life of 3 years will allow observation of approximately 150 targets with integration times in the approximate range 100-1000 ksec.

Mission Heritage and Technology Development

The mission concept has been proven in a NASA-supported sounding rocket programme, in a collaboration between the US Naval Research Laboratory, the University of Leicester (UK), the Mullard Space Science Laboratory (UK) and the Lawrence Livermore National Laboratory (USA). A flight of NASA rocket 36.195 in February 2001 yielded a high resolution EUV spectrum of the white dwarf G191-B2B, the first such data for any astronomical object other than the Sun, and demonstrated the capability of detecting the absorption complex of ionized interstellar helium and numerous narrow metal lines. US participation in the proposed mission, while desirable, may be minimal because of funding and other limitations. However, it is not required, since all key instrument technologies have been developed in Europe. The normal incidence gratings by Carl Zeiss (Germany) and the high resolution imaging MCP detector, for recording the spectrum, was developed in the UK. Sources also exist in Europe of high-quality multilayer depositions and suitable calibration facilities.  Consequently, the proposed mission is at a mature phase of development and carries minimal risk in its implementation, allowing a relatively rapid and easily managed C/D phase and launch early in the 2015-2025 Cosmic Visions time frame. We estimate that the cost to completion of the current design falls comfortably within the €300M envelope of the M-class mission without the need to engage international partners.
1. Introduction

1.1 Mission Goals 
The formation and evolution of stars, their interaction with interstellar material and the ultimate effect of all the various physical processes on their planetary systems is still poorly understood. Crucial elements of the picture concern the levels of activity in main sequence stars and the resulting stellar winds which can directly affect planetary environments on a range of timescales. In addition, stellar winds control the flow of material and flux of cosmic rays from the galactic environment which also have a potential influence on climate. Ultimately, stars recycle material back into the interstellar medium, enriching galactic metal content, through the production of white dwarfs and supernovae. All the important processes involved in these stellar lifecycles are traced by the presence of hot (105-107K) gas. Therefore, we propose a high resolution soft X-ray and Extreme Ultraviolet (EUV) spectroscopy mission to carry out a survey of Stellar and Galactic Environments (SAGE). SAGE will investigate the density, temperature, composition, magnetic field, structure, and dynamics of hot astrophysical plasmas (log T = ~5-7), addressing basic questions of stellar evolution and galactic structure. Key scientific goals are to:
Examine the structure and dynamics of stellar coronae: to determine the relationship between coronal heating and flares and the relative importance of magnetic reconnection and MHD/acoustic waves; study how coronal activity evolves over stellar lifetimes and the influence of this activity on astrospheres and ISM.

Study the evolution of white dwarfs: to examine the physical mechanisms controlling the atmospheric abundances and understand how important elements such as CNO are returned to enrich the interstellar medium; determine the incidence of circumstellar material associated with the disruption of remnant planetary systems.

Probe the structure & ionization of the Local Interstellar Gas: measuring density, temperature, ionization state, and depletion level of gas clouds along tbd lines-of-sight within 200pc of the Sun.

Study of accreting white dwarf binaries: to diagnose temperature, densities and composition of accretion flows and the physical status of accreting white dwarfs in cataclysmic variables and in super-soft x-ray sources.
The programme is relevant to aspects of all four of the primary Cosmic Vision themes, but concentrates on particular sub-themes, as outlined below:

What are the conditions for planet formation and the emergence of life?

Life and habitability in the Solar System (effects of stellar activity on habitability)

How does the Solar System Work

From the Sun to the edge of the Solar System (interaction of the heliosphere and ISM)
What are the fundamental physical laws of the Universe?
Matter under extreme conditions (degenerate matter, accretion onto compact objects)
How did the Universe originate and what is it made of?
The evolving violent Universe (lifecycles of matter and the galactic environment)
1.2 Proposed instrument design and relationship to other missions
EUVE and the ROSAT WFC left a great legacy in astrophysics at EUV wavelengths. EUVE intro​duced EUV spectroscopy, and the X-ray observatory Chandra has demonstrated the promise of high-resolution spectroscopy with the Low Energy Transmission Grating (LETG). The termination of EUVE left a gap in spectral coverage at crucial EUV wavelengths CHIPS ﬁlls this gap only partially, as it is optimized for diffuse emis​sion and has only moderate resolution. FUSE has high spectral resolution but is optimized for longer wavelengths. 

The urgent need for a high resolution spectro​scopic instrument has been thoroughly documented in a review of EUV astronomy (Barstow and Holberg, 2003) and in an AAS Meeting (Albuquerque 2002) Topical Session (Kowalski and Wood,????), demonstrating broad international community support. The technology we will utilise is the cli​max of more than 20 years of research on multilayer coatings and ion-etched diffraction gratings. A SAGE prototype, J-PEX, has been flown suc​cessfully on NASA sounding rocket 36.195 DG in 2001 and obtained the first high resolution EUV spectrum of any source other than the Sun, the WD G191-B2B (Cruddace et al. 2002, Figure 1) and achieved its prime science goal of detecting ionized helium, which was found to be mostly interstellar in origin.
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Figure 1. High resolution spectrum of the white dwarf G191-B2B, obtained in a 300s sounding rocket observation. The best-fit spectrum (red histogram) yields a photospheric He abundance of 1x10-6 and LISM HeII column density of 5.9x1017 cm-2.
The planned SAGE instrument complement is a suite of 8 near-normal inci​dence spectrometers, similar to J-PEX, optimized for EUV wave​lengths (~90-275 Å) with simultaneous high re​solving power (~10,000) and effective area (30-50 cm2). This allows application of the range of plasma diag​nostic techniques that has already been used successfully in solar re​search, from satellites such as SOHO and the recently launched Hinode. This mission will yield a capability of studying the dynamics of the integrated light from other stars at the level of detail available for the Sun. For cosmic sources, even the Chandra LETG has comparatively modest efficiency and spectral resolution. For example, at 124 Å SAGE will deliver an effective area 8 times that of the Chandra LETG and more than 5 times the spectral resolution. High-resolution spectros​copy of hot plasmas will allow unambiguous de​tection and measurement of weak emission lines and absorption features, and the study of source structure and dynamics through measurement of line proﬁles and Doppler shifts. Fitting million-degree plasmas is a daunting and not fully realized computational task combining complex atomic physics with millions of lines under a range of ex​citation, ionization, dynamical, and thermal condi​tions. Only SAGE provides the observational stim​ulus to meet this challenge at EUV wavelengths. 

2. Scientific Objectives
The overall science theme for SAGE is centred on the formation and evolution of stars, their interaction with interstellar material and the ultimate effect of all the various physical processes on their planetary systems. Planetary environments are strongly influenced by levels of activity in their host stars, through high energy radiation from flares and related events as well as the stellar winds. Stellar winds are believed to have a strong influence on incident cosmic ray fluxes (Florinski and Zank, 2006) and define the astropause, the boundary between the influence of the star and the surrounding ISM (analogous to the Heliopause for the Sun). Variations in the cosmic ray flux may have an influence on planetary climate (e.g. Kirkby and Carslaw, 2006). Stellar winds are also a route for the flow of material into the interstellar environment. In particular, stars recycle material back into the interstellar medium, enriching galactic metal content, through the production of white dwarfs and supernovae. All the important processes involved are traced by the presence of hot (105-107K) gas. High resolution spectroscopic observations at soft X-ray and Extreme Ultraviolet (EUV) wavelengths are essential to investigate the density, temperature, composition, magnetic field, structure, and dynamics of such plasma, addressing basic questions of stellar evolution and galactic structure. 
The Scientific Objectives divide naturally into 3 broad categories, the study of Stellar Coronal emission, the local interstellar medium and white dwarfs and their companions. The science mission will comprise a combination of core and guest observer programmes. To illustrate the potential scope of the science in each area we provide an example target list (Table 1) that would occupy 2/3 of a nominal 3 year mission. We present below more detailed science cases for each theme.
2.1 Stellar Coronae

2.1.1 Introduction
Beyond the provision of light and heat, the correlation between the occurrence of sunspots and displays of spectacular aurora gave us early clues to the existence of a chain of events linking solar phenomena to a terrestrial response. Proctor in 1870 described an event where at a station in Norway “he telegraphic apparatus was set on fire” after a major solar flare was observed. However, it was not until the mid 20th century that Bierman (1951) established the concept that `radiation' from the Sun was responsible, building on earlier work involving the interaction of atomic physics and astronomy that finally proved that the solar corona was hot (Grotian 1939, Edlen 1942). Despite major advancements in recent years, the coronal heating problem is the "holy grail" of coronal physics.

With the advent of satellites, a wealth of new data exists not only for the Sun but for many chromospherically active stars such as M dwarfs, RS CVn binaries, etc. While the magnetic nature of coronal heating is uncontroversial, considerable un​certainty exists about the link between magnetic fields in the corona and interior of the Sun. How precisely the solar magnetic dynamo operates, how a magnetic dynamo was formed in the youth of the Sun, and how it changed as the Sun evolved, are unanswerable questions at the moment.  From a comparison of the Sun with other stars, we know that it is quite inactive.  Its typical coronal temperature is ~ 1 MK, reaching ~ 5 MK in active regions and ~ 15 MK in flares.  Most late-type stars with outer convection zones, i.e., stars of spectral type F through M, stars possess more energetic coronae as demonstrated by many X-ray measurements with ROSAT, XMM-Newton and Chandra. Temperature and density diagnostics with the grating spectrometers onboard XMM-Newton and Chandra indicate considerably higher temperatures and densities than the Sun in most observed stellar coronae even in quiescence. The plasma parameters appear to depend on convection zone conditions and stellar rotation rates. Unfortunately, the high resolution instruments onboard XMM-Newton and Chandra are rather insensitive to emission from cool(er) plasma, and further, the available density diagnostics are more or less limited to the OVII and NeIX triplets. In contrast, the SAGE spectral windows are rich in emission lines formed at temperatures from ~105K (the mid transition region) up to 12MK. Thus it will be possible to link the SAGE observations to those obtained with the Far Ultraviolet Spectroscopic Explorer (FUSE) and the Space Telescope Imaging Spectrograph (STIS), which also include lines formed at chromospheric temperatures. SAGE will also allow density diagnostics for both cool (T ~ 1 MK) and hot (T ~ 10 MK) plasmas. 
However, the importance of study​ing magnetic activity on other stars goes beyond merely diagnosing stellar coronal plasmas and understanding its evolution with stellar age. The development of life on Earth has been inﬂuenced by the interplanetary en​vironment around the Sun, which in turn is shaped by the magnetic properties of the Sun, i.e., its coronal EUV/X-ray ﬂux,  the particle ﬂux in the solar wind,  and frequent mass injections, all of which respond to the solar cycle. With SAGE, we propose a study of the coronae of a diverse and carefully selected sample of stars, comprising very young stars, main sequence stars, and more active systems with very high rotation rate. Our goal is to under​stand the physics that controls the evolution and characteristics of the hot corona and the resulting interplanetary environment. 

Table 1. Example target list for the SAGE mission, indicating the science topics covered
	White Dwarfs
	 
	
	
	Coronal Sources
	 
	
	
	

	Common Name 
	Type 
	Ksec 
	Objectives 
	Name 
	Spectral class 
	D (pc) 
	ksec
	Objectives 

	GD2 
	DA 
	256
	Trace metals 
	CPD-64 120 
	K1Ve 
	59
	375
	young:Horolog assoc 

	RE J0029-632 
	DA 
	76
	Trace metals 
	GSC8491-1194 
	M3Ve 
	40
	355
	young:Horolog assoc 

	GD659 
	DA 
	136
	He, trace metals 
	CD-53 544 
	K5Ve 
	40
	266
	young:Horolog assoc 

	GD 50 
	DA 
	64
	He, trace metals 
	TW Hya 
	K8V 
	56
	338
	young:TW Hya assoc 

	RE J0457-281 
	DA 
	64
	He,metals, stratification 
	CD-337795 
	M3V 
	50
	281
	young:TW Hya assoc 

	RE J0503-285 
	DO 
	136
	non DA, abundances 
	HD 172555 
	A7 
	29
	450
	young:Tucana assoc 

	G191-B2B 
	DAw 
	76
	He,metals, stratification 
	HD 177171 
	F7 
	45
	113
	young:Tucana assoc 

	GD 71 
	DAw 
	316
	He, trace metals 
	HD 202917 
	G5 
	45
	300
	young:Tucana assoc 

	RE J0623-374 
	DA 
	64
	He,metals, stratification 
	HD 5578 
	K3/K4 
	44
	240
	young:Tucana assoc 

	RE J0632-050 
	DA 
	200
	Trace metals 
	β Ceti
	K0III 
	29
	160
	emission site 

	GD80 
	DAw 
	64
	Int. temp DA, metals? 
	UX Ari 
	G5V/ K0IV 
	50
	600
	Doppler imag/flares 

	RE J0715-705 
	DA 
	100
	Trace metals 
	V711 Tau 
	G5IV/ K1IV 
	29
	440
	Doppler imag/flares 

	RE J0723-274 
	DA 
	64
	Int. temp DA 
	α Aur
	G5IIIe + ? 
	13
	160
	emission site 

	RE J1032+532 
	DA 
	88
	He, trace metals 
	AB Dor 
	K1IV 
	15
	720
	Doppler imag/flares 

	LB 1919 
	DA 
	118
	He, trace metals 
	σ Gem 
	K1III + ? 
	38
	88
	emission site 

	PG 1123+189 
	DAw 
	136
	He,metals, stratification 
	44 i Boo 
	G2V + G2V 
	12
	224
	emission site 

	PG 1234+482 
	DA 
	124
	He,metals, stratification 
	σ2 Cor Bor 
	F6V/G0V 
	22
	325
	Doppler imag/flares 

	EG 187 
	DAw 
	250
	He, trace metals 
	AR Lac 
	G2IV / K0IV 
	42
	250
	emission site 

	H1504+65 
	DO 
	76
	non DA, abundances 
	λ And 
	G8V-IV + ? 
	26
	88
	emiss site/flares 

	HZ 43 
	DAw 
	293
	He, trace metals 
	EP Eri 
	K1V 
	5
	160
	Main sequence 

	BPM 93487 
	DA 
	100
	He, trace metals 
	κ Cet 
	G5V 
	9
	300
	Main sequence 

	RE J2009-602 
	DA 
	94
	He, trace metals 
	ε Eri 
	K2V 
	3
	90
	Main sequence 

	RE J2156-543 
	DA 
	106
	Pure H DA 
	39 Tau 
	G5V 
	17
	260
	Main sequence 

	RE J2214-491 
	DA 
	64
	Very hot DA/metals 
	χ1 Ori 
	G0V 
	9
	160
	Main sequence 

	GD 246 
	DAw 
	200
	Hot DA/metals 
	α CMi 
	F5IV-V 
	4
	50
	Main sequence 

	RE J2324-547 
	DA 
	88
	He, trace metals 
	β Com 
	F9.5V 
	9
	310
	Main sequence 

	RE J2334-471 
	DA 
	64
	He,metals, stratification 
	HD 115404 
	K2V 
	11
	250
	Main sequence 

	GD 984 
	DA+dM 
	256
	He,metals, stratification 
	α Cen 
	G2V + K1V 
	1
	20
	Main sequence 

	SAO248569 
	DA 
	64
	He, trace metals 
	ξ Boo A (+ B) 
	G8V 
	7
	160
	Main sequence 

	Feige 24 
	DA+dM 
	64
	He,metals, stratification 
	36 Oph A 
	K0V 
	5
	100
	Main sequence 

	V471 Tau 
	WD+k0 
	148
	DA+ dK binary, pre-CV 
	70 Oph A 
	K0V 
	5
	200
	Main sequence 

	HR1608 
	DA+K 
	456
	DA + K binary 
	15 Sge 
	G1V 
	18
	200
	Main sequence 

	HD33959C 
	DA+F 
	125
	DA + F binary 
	61 Cyg A 
	K5V 
	3
	170
	Main sequence 

	Sirius B 
	DA+AIV 
	76
	Trace metals 
	CF Tuc 
	G0V / K4 IV 
	86
	75
	Flare studies 

	RE J0718-312 
	DA+dM 
	128
	Da + dM binary 
	UV Cet 
	M5.5Ve 
	5
	75
	Flare studies 

	RE J0723-318 
	DA+dM 
	240
	Pre-CV 
	YY Gem 
	dM1e/dM1e 
	1
	75
	Flare studies 

	GD394 
	DAw 
	173
	Pre-CV 
	YZ CMi 
	M2Ve 
	7
	75
	Flare studies 

	HR 8210 
	DA+A 
	125
	He, trace metals 
	AD Leo 
	M4.5Ve 
	5
	75
	Flare studies 

	CPD -71 277 
	DA+G 
	76
	He,metals, stratification 
	EK Dra 
	G1.5V 
	34
	75
	Flare studies 

	Cataclysmic Variables
	
	
	BY Dra 
	K4V / K7V 
	16
	75
	Flare studies 

	BL Hyi 
	AM 
	320
	Magnetic (Polar) 
	VW Cep 
	G8 / K0 
	23
	75
	Flare studies 

	EF Eri 
	AM 
	200
	Magnetic (Polar) 
	AU Mic 
	M2Ve 
	9
	75
	Flare studies 

	UZ For 
	AM 
	200
	Magnetic (Polar) 
	FK Aqr 
	dM2e/dM3e 
	9
	75
	Flare studies 

	VW Hyi 
	DN 
	160
	Dwarf nova 
	EV Lac 
	M4.5Ve 
	5
	75
	Flare studies 

	U Gem 
	DN 
	240
	Dwarf nova 
	II Peg 
	K2IV/M0-3V 
	42
	75
	Flare studies 

	VV Pup 
	AM 
	320
	Magnetic (Polar) 
	
	
	
	
	

	OY Car 
	DN 
	240
	Dwarf nova 
	
	
	
	
	

	AR Uma 
	AM 
	264
	Magnetic (Polar) 
	
	
	
	
	

	AN Uma 
	AM 
	320
	Magnetic (Polar) 
	
	
	
	
	

	EX Hya 
	DQ 
	300
	Intermediate Polar 
	
	
	
	
	

	V834 Cen 
	AM 
	360
	Magnetic (Polar) 
	
	
	
	
	

	AM Her 
	AM 
	360
	Magnetic (Polar) 
	
	
	
	
	

	QS Tel 
	AM 
	240
	Magnetic (Polar) 
	
	
	
	
	

	HU Aqr 
	AM 
	160
	Magnetic (Polar) 
	
	
	
	
	

	SS Cyg 
	DN 
	240
	Dwarf nova 
	
	
	
	
	


2.1.2 Very Young Stars
Young stars are embedded in a particularly complex environment. In addition to the corona, a proto-stellar disk around the star may contribute to the observed energetic emission; the disk, believed to be truncated at the corotation radius of typically several stellar radii, interacts with the stellar magneto​sphere to magnetically channel an accretion ﬂow onto the star. Disk material falls more or less ballistically onto the star, lead​ing to shocks producing high-T emission. Furthermore, the interaction of the stellar magnetic ﬁeld with the disk may result in a complex struc​ture that aids magnetic reconnection and produces high-energy radiation and particles (Shu et al. 2001). Stars with disks may have hotter coronae than those without (Tsujimoto et al. 2002), however, stars with such disks and ongoing active accretion (Classical T Tauri stars; CTTS) appear to be less luminous than those without (weak-T Tauri) (Flaccomio et al. 2003). The relative importance of disks, the accretion process, and a hot corona in producing EUV emission is not known. 

Many CTTS are strong X-ray emitters (Glassgold et al. 2000). The nearest examples (50 pc) are found in the ~10 Myr old TW Hya association, hich is at the likely epoch of planet formation. Both the Chandra HETG spectrum and XMM-Newton RGS of TW Hya are consistent with accretion-shocked plasma, at a temperature consistent with the kinetic energy of the accretion stream (Kastner et al. 2002; Stelzer & Schmitt 2004). The inferred plasma densities are high (~1013 cm-3), but the “coronal” tem​peratures are far less than those found in active MS stars. If this pattern is common, substantial revisions to our understanding of accretion are implied. Older models predict little X-ray emission because of absorption in the accretion stream (Calvet & Gullbring, 1998), and veloci​ties of ~240 km s-1 are too low to produce post-shock temperatures T >106 K; on the other hand, assuming the infall at almost free fall velocity allows a good description of the observed spectral line data (Günther et al. 2007).  The high pressures derived for TW Hya require magnetic fields of a few kG for containment, implying small emitting regions covering less than a percent of the surface, in agreement with the filling factors derived from the X-ray measurements. The high densities may introduce opacity effects in the lines, which are difficult to study at X-ray wavelengths, because of the dependence of the opacity on wavelength and line width. 

To identify the sources of high-energy emission and test theories, it is necessary to compare stars with and without disks that have similar proper​ties. EUV spectra will distinguish between coronal emission and an accretion stream. Line widths for a rotating corona could exceed those for an accre​tion ﬂow, which would show Doppler shifted emis​sion and opacity effects if densities are high. Den​sities at high-T could be determined from EUV line ratios to distinguish between a diffuse corona and a dense accretion stream or shock. TW Hya is oriented face-on (Krist et al., 2000), so that we observe the ac​cretion ﬂow directly, and velocity shifts would be maximized. Young pre-MS stars still in the accre​tion phase, and more evolved objects without disks, are in nearby clusters. Observations of se​lected stars in the TW Hya (10 Myr), Hor (30 Myr), and Tuc (<40 Myr) associations (e.g. Table 1), will provide a range of disk and stellar evo​lution of accretion and corona. 

2.1.3 Main Sequence Stars
SAGE will exam​ine coronal heating and the structure of the mid and upper transition region and the inner corona, using a sample of stars on/near the MS (see 14 objects in Table 1) varying in spectral class between G0 and K5 and cover a range of rotation periods and Rossby numbers. At present, the most likely candidates for coronal heating are magnetic reconnection and MHD (e.g. Alfven) waves. Except in Procyon (F5 IV-V), acoustic waves have been shown to provide insufficient flux for coronal heating. Since reconnection can produce MHD waves and line broadening, detailed studies of line widths and line shifts are required, including their dependence on temperature and stellar parameters. Studies of stellar transition regions using STIS have shown that, as in the Sun, broad and narrow components are present in the line profiles (see e.g. Wood, Linsky & Ayres 1997; Pagano et al. 2000, 2004; Peter 2001; Sim & Jordan 2003a). Using forbidden lines of iron in the UV, only a few line widths have been measured above 106K. Observations of line widths with SAGE should show whether or not the broad component is present in the upper transition region and inner corona. As carried out in a study of epsilon Eri (K2 V) by Sim & Jordan (2003a) and early studies of the Sun, the non thermal (NT) energy density indicated by the measured densities and line widths can be combined with wave propagation velocities to find the energy flux that could be carried through to the corona. Using constraints from the observed surface magnetic flux density, in the low to mid transition region there is ample Alfvén wave flux to heat the corona, but there is also evidence that not all this flux propagates through the steep transition region temperature gradients. Line width measurements at temperatures above 3 x 105K are therefore crucial in assessing the role of MHD wave heating.
The spatially averaged line fluxes can be used to find emission measures and the observed emission measure distribution (EMDobs). In the inner corona and upper transition region where the observed emission lines are formed, the energy balance is between the net conductive flux and the radiation losses. (Note that the temperature range of the upper transition region increases with the mean coronal temperature.) Provided the electron density can be measured the theoretical EMD can be found from the energy balance equation in a chosen geometry. The difference between EMDobs and the theoretical EMD then yields the area occupied by the emission. By analogy with the Sun, information can then obtained on the area occupied by the supergranulation network and the expansion of the B-field with temperature (see Sim & Jordan 2003b for details and results for epsilon Eri). Observations with SAGE will give improved values of EMDobs at temperatures around 106K and improved measurements of Ne. To model active region loops requires an ab-initio approach including a chosen heating function.

2.1.4 Hot Coronal Plasma in Active Stars
[image: image7.emf]In many active stars, coronal temperatures and densities are higher than on the Sun.  As indicated by early measurements, and conﬁrmed by the Fe XVIII lines observed with FUSE in evolved stars with lower gravities, the high-T coronal material is magnetically conﬁned (Young et al. 2001), but in rapidly rotating stars it may be extended and suffer turbulent broadening. The EMD of active stars (Sanz-Forcada et al. 2002, 2003) reveal 3 charac​teristic features (Figure 2): an enhancement at T ~2 x 106 K, which may indicate solar-like structures, another appearing frequently in a narrow range around T = 8 x 106 K, and, ﬁnally, an elevated EM sometimes seen at higher T. The sources of the higher T components are a mystery, especially the “bump” at 8 x 106 K, which is possibly at rather high density (Ne >1012 cm-3). 
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Three developments provide new insight in this subject matter. The ﬁrst is optical Zeeman-Doppler imaging (ZDI – www.st-andrews.ac.uk/astronomy, www.aip.de/group/activity), which has revealed photospheric dark spots on active stars, and traced the magnetic ﬁeld topology. The second is the Chandra measurement of X-ray line Doppler shifts in the spectrum of 44i Boo, consistent with a polar emission zone (Brickhbouse et al. 2001). The third will be SAGE, whose resolv​ing power and sensitivity allow location of hot plasma in rapidly rotating systems using line pro​ﬁles and Doppler shifts, and more accurate Ne measurements. In Figure 3 we model a SAGE spectrum of the RS CVn star λ And and compare it with one obtained by the Chandra LETG. We propose observations of 10 active stars (Table A) that are bright EUV sources. We divide the sample into 4 stars whose character​istics enable the corona to be studied using a com​bination of EUV Doppler imaging and ZDI (Jardine et al. 2002), and 6 in which line Doppler shifts will be used to lo​cate 107 K plasma. For the latter group integration times (see Table 1) will need to be sufﬁcient for 16 orbital phases, such that a resolution of <10 km s-1 is attained in the measured line centroid. Observations will be scheduled to take advantage of eclipses in AR Lac and 44i Boo.

Doppler imaging (DI) using coronal EUV lines is simpler than DI with photospheric lines because the coronal plasma is optically thin. However, coronal DI is resolution is limit​ed by thermal broadening. The Fe line width at Te ~107 K is ~90 km s-1 (FWHM), and good statistics are needed to derive spatial information from mod​ulation of the line proﬁle. Prime tar​gets, V711 Tau (HR 1099), UX Ari, AB Dor, and σ2 Cor Bor, need exposure times (see Table 1) sufﬁcient to accumulate 5 x 104-105 counts in the Fe XX / Fe XXIII (λ 132.85) line blend. After SAGE in-ﬂight calibration, it might be possible to superpose strong Fe lines and improve statistics. For example, in the case of AB Dor, adding the Fe XIX and XXII lines to the Fe XXIII line in​creases the total counts (in 720 ksec) from 50,000 to 84,700. To demonstrate sensitivity we use an isothermal coronal model of AB Dor (Jardine et al 2002, K0V, Prot=12.4h, v sin i = 90 km s-1) based on the sur​face ﬁeld (Bs) distribution derived from ZDI. The 107 K loop plasma is in hydrostatic equilibrium, with a base pressure p α Bs2. The inferred structure is dominated by bright, compact loops near the poles, with more extended arcades at lower latitudes. Figures 4a and b show the model corona and the change in the line proﬁle (FWHM = 90 km s-1) as the star rotates. When the proﬁles of the strong Fe lines are co-added, we expect ~3200 counts per rotation of AB Dor. Figure 4c shows an SAGE simulation in which line counts have been accumulated at the predicted rates over 6 ro​tations and binned into 10 phase intervals. ZDI has shown that differential rotation is slow enough that co-adding data from successive rotations is feasi​ble. The braided signatures of the two dominant emitting regions are clearly detected, and the par​tial eclipse of the brighter loop complex in the lower hemisphere is apparent. This illustrates the power of EUV Doppler imaging with SAGE to test the spatial distribution of coronal emissivity de​rived from ZDI. Longer observations of up to 18 rotations, with simultaneous ground-based ZDI, will reveal longer-term coronal response to stress​es built up by differential rotation. 
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Figure 4. Doppler imaging studies of coronal structure with SAGE: a) 3-D coronal activity distribution of AB Dor at phase 0.61, based on the model of Aschwanden et al (2001) incorporating the magnetic topology obtained from optical observations, b) map in velocity phase space of the summed emissivity of 3 spectral lines from 107K plasma (FeXIX, FeXXII, FeXXIII) without statistical noise. C) the same map for a simulated observation lasting 6 stellar rotations, in which photon noise is included using Poisson statistics and events are binned into 10 phase intervals.
This study makes extensive use of density mea​surements with Fe line pairs, in which the line ﬂux ratio is sensitive to Ne (Brickhouse et al. 1995). Table B shows pairs accessible to SAGE, covering the ranges Te ~106-107 K and 108-1014 cm-3. Accuracy in measuring Ne in the 107 K plasma is important, as previous results have been questioned. For the Fe XXII pair, the statistical error is very dependent on density, e.g., to reduce it to 30%, 8000 counts in the λ 117.17 line are needed if Ne ~1012 cm-3 and 800 if Ne ~1013 cm-3. Our observations will be long enough to achieve this accuracy. 

2.1.5 Stellar Flares
The magnetic ﬁeld in solar active regions shows a persistent large-scale struc​ture, but reorganizes itself continuously on small scales (Aschwanden et al. 2001). The energy released produces ﬂares spanning 8 decades (Aschwanden et al. 2000) in energy, and large impul​sive reorganizations result in either ﬂares, where energy appears as radiation or in fast particles, or coronal mass ejections (CME), where it appears as plasma kinetic energy. Flares have been observed on many single stars, of class G through M, and on many binaries.  In many cases stellar flares are much more energetic than solar ﬂares (e.g., CF Tuc, Franciosini et al. 2003, Lx = 2 x 1031 erg s-1). We propose long (≈100 ksec) ob​servations of a diverse sample (Table 1) of 6 single stars and 3 binary stars, to determine the ﬂare evolution in various strong lines and hence at various temperatures, and to measure ﬂow velocities, NT line broadening, abundances, and in the stronger ﬂares Ne (Table 1 shows 5 other binaries that also have a history of ﬂaring). The goal is to understand the physical properties of stellar ﬂares and to interpret results in the context of solar ﬂares. A new and important SAGE capability is the measurement of ﬂare dynamic characteris​tics. Velocities of up to 600 km s-1 in the 3 x 105 K plasma were observed during a ﬂare on AB Dor (Ake et al. 2000). This is large compared to those of all but the largest solar ﬂares (Culhane et al. 1994), and emission lines in solar ﬂares are strongly broadened (Antonucci et al. 1990, Doschek et al. 1983, Grineva 1973), with widths of 100-300 km s-1 for soft X-ray lines. 

2.1.6 Abundance Anomalies
Element abun​dances in the diffuse solar coronal plasma (T~106-107 K) differ substantially from photospheric val​ues (T~6000K). Meyer (1985) established that differences are related to the ﬁrst ionization poten​tial (FIP): low FIP elements (<10 eV; e.g., Mg, Si, Fe) show enhancements by a factor ~4 when com​pared to high FIP elements (>10 eV; e.g., O, Ne, Ar). Feldman and Laming (2000) reviewed coronal abundances prior to the launches of Chandra and XMM-Newton. EUVE and ASCA showed that abundance anomalies are present also in selected stellar coronae: α Cmi (F5IV), ε Eri (K2), α Cen AB (G2V + K0V), ξ Boo A (G8V + K4V), ξ UMa (Drake et al. 1995, Laming et al. 1995, Laming et al. 1996, Laming & Drake 1999, Ball et al 2005) and the full disk solar spectrum (Malinovsky & Heroux 1973). Various models of FIP fractionation have appeared: (i) During reconnec​tion of magnetic ﬂux tubes of opposite polarity in the chromosphere, ions migrate to the neutral line and are expelled axially faster than neutrals, lead​ing to an abundance enhancement (Arge & Mullan 1998), (ii) waves in wave-heated loops can penetrate to the partially ionized layers and preferentially heat the ions, leading to FIP fractionation (Schwadron et al. 1999), (iii) following on from Schwadron et al. (1999), Laming (2004) proposes a wave heating process whereby waves penetrate to loop foot-points, heating ions but not neutrals, giving rise to abundance enhancements in elements which are ionized in the chromosphere (i.e. low first ionization potential) over those which are neutral through the higher ion scale height. Testing of these models demands high sensitivity and spec​tral resolution, and SAGE offers increases by fac​tors of ~50 over EUVE in the crucial 170-260 Å region. This allows detection of Ar XI-XIV with ﬂuxes of 10-4-10-3 photons cm-2 s-1 for a star with EM = 1051 cm-3 at 3.5 pc. In this range EUVE could only detect strong lines of Fe IX-XIV with ﬂuxes 0.01-0.1 photons cm-2 s-1. SAGE will allow more robust and sensitive detections of the FIP ef​fect than EUVE, where the only high FIP ele​ment observed reliably was S, which has the low​est FIP among such elements. 
In stars with coronal temperatures less than about 4 x 106K, the EMD at around 106K is sufficiently large to produce observable lines of Ne VIII (around 98Å) in Chandra LETGS spectra. The lines are relatively weak but improved line fluxes should be possible with SAGE. These would allow the neon/iron abundance, and possibly the neon/oxygen abundance to be measured for many of the dwarf stars in our sample. This is important in the light of the lower neon/oxygen abundance ratio recommended by Asplund et al. (2005), and the consequences for models of the solar interior (see e.g. Bahcall et al. 2005). Work by Young (2006?) on the solar transition region tends to support the abundances in Asplund et al. (2005). In contrast, Drake & Testa (2005) and Sanz-Forcada et al. (2004) derive larger relative abundances of neon in a number of stars.  
2.1.7 Stability of planetary atmospheres
In recent years we have seen an explosive discovery via radial velocity and transit programmes of extrasolar planets. The range of data to be obtained from the above studies has input to this work. For example, to study the ways by which a star affects the chemistry and climate of a planet in its habitable zone, it is necessary to have spectra ranging from the X-ray to IR. However, much of the photochemistry in the planetary atmosphere is driven by the shorter wavelength photons, therefore our knowledge of the EUV and UV spectrum is critical. Stellar variability is also an important issue as regards the atmospheric chemistry of a planet. On time scales of hours to years, many main sequence and dM stars exhibit extreme and intermittent variability due to the star's magnetic activity, e.g. flaring can produce a hundred-fold increase in the EUV and X-ray fluxes. Data obtained from the above range of stars, in both the flaring and non-flaring states is a necessary input for the modelling (Heath et al 1999, Segura et al 2005).

2.2 White Dwarfs, their Companions and Circumstellar Material
White dwarf stars play a key role in many still open and important astronomical questions astrophysical questions related to galaxy evolution and enrichment. Their space and luminosity distributions help map out the history of star formation in the Galaxy and can be used to determine the age of the disk. They have an intimate relationship with interstellar gas (ISM), a fundamental component of the Milky Way and other galaxies. The local interstellar medium (LISM) is close enough to us for detailed examination of its composition and structure, which tells us about the evolution of the Universe and our galaxy. Production of white dwarfs in the disk substantially enriches the content of the local ISM, contributing significantly to the total cosmic abundance of metals, particularly CNO (e.g. Barstow & Werner 2006), and these stars also make good background sources against which interstellar material can be detected. There is compelling evidence that some white dwarfs are surrounded by circumstellar material (Bannister et al. 2003), which may be a remnant of earlier mass loss phases. However, the recent discovery that a number of cooler white dwarfs have debris disks (e.g. Kilic et al., 2006) is a strong indication that the stars may be accreting material from remnant planetary systems in form of asteroids or comets (e.g. Jura 2006). Since the majority of stars are born in binary (or triple) systems, white dwarfs in binaries represent one of the most common products of binary evolution. These binaries are key objects to understand the mechanisms which drive the evolution of low mass binary systems as they are also believed to play a significant role in the production of the cosmologically important type Ia supernovae, through stellar mergers or mass transfer.
2.1.1 White Dwarfs and Stellar Evolution
White dwarfs are among the oldest stars. Their distributions help map the history of star formation in the Galaxy and in principle help determine the age of the disk. Cool WDs may account for a fraction of the missing mass in the galactic halo (Oppenheimer et al. 2002). To understand and calibrate cosmologically important aspects of WDs (such as their cooling ages, mass​es, and compositions) calls for thorough under​standing of how their photospheric compositions evolve. Atmospheric metal abundances affect cooling rates and bias determinations of tempera​ture and surface gravity. A reliable mass can be de​rived only from accurate effective temperature (Teff) and surface gravity (g). Metals are hard to detect in cool WDs but play an important role in cooling. Abundances in hotter stars tell what spe​cies may be present. 

As end-products of the lives of all stars below ~8 M(, representing >90% of the galactic stellar population, WDs reveal complicated and poorly understood processes during the rapid and com​plex phase of post-MS evolution. Brieﬂy, stars shed much of their mass, angular momentum, and possibly magnetic ﬁelds during the post-AGB and planetary nebulae phases and emerge as hot WDs of two main types: H-rich DA and He-rich DO and DB stars. Observed elemental abundances of WDs should reﬂect the evolutionary paths followed. However, the resulting abundance patterns appear to be affected by gravitational settling (diffusion), selective radiative levitation, possible mass loss, magnetic ﬁelds, and interstellar accretion. Teff, log g, and the interstellar environment may govern the relative importance of these processes. The phys​ics is complex, and obtaining high-resolution EUV spectra of a diverse sample of WDs is the key step toward understanding WD evolution. Our under​standing of this evolution has major gaps. While emergence from the AGB of 2 groups of WD stars, with atmospheric compositions dominated by H or He, is becoming understood, a demonstrable Teff gap in the He-rich cooling sequence is unex​plained. Determination of photospheric He content provides important information on the evolution of the star. In typical low mass (<8 M() evolution, He is produced by core H-burning on the MS and then consumed in a core He-burning phase, lead​ing to a C-O core WD progenitor on the AGB. Mass loss, and the creation of a planetary nebula, removes outer layers leaving an exposed core. The resulting envelope composition, in particular the He abundance, is determined by core nucleosyn​thesis, shell-burning, and stellar mass-loss. We see the WD atmosphere at the end of these processes and after gravitational settling has further altered the photospheric composition, allowing He to sink below the photosphere to leave overlying H. He can be detected in the optical/FUV wavebands only if the abundance exceeds a few times 10-5. EUV spectroscopy of the He II Ly series (228-304 Å) provides a factor of 100 more sensitivity. If a WD evolved in a binary, mass loss may be affected by a common envelope phase that leaves an H-rich shell above the core thinner than expected on a sin​gle star (Iben & Livio 1993). 
Signiﬁcant quantities of elements heavier than H or He are present in the hottest (T>50,000 K) WD atmospheres. Measured abundances trace evolution and link these stars to their possible H-rich CSPN progenitors and the He-rich branch, from which a fraction of WDs must evolve. En​hancements in C, N, and O abundances may be signs of near exposure of the core during the AGB phase or a late He-shell burning episode. Studies have begun to correlate abundance pattern with evolutionary status (Barstow et al. 2003), but these trends are con​fronted by unexpected complexities in the physical structure of the stars, including stratiﬁed distribu​tions of photospheric heavy elements (Holberg et al. 1999, Barstow et al. 1999, Dreizler & Wolf 1999, Schuh et al. 2002). New measurements of heavy element abundance down to different atmospheric depths are required to resolve questions of the radiative levitation/diffusion balance and its effect on atmo​spheric structure. Lines are formed at different depths in the EUV and FUV, and abundance measurements obtained from high-resolution spec​troscopy in both bands are required. FUV data from IUE or HST are available for many stars, but EUVE lacked the spectral resolution to determine abundances uniquely for heavy elements; instead, non-unique abundance solutions were inferred from the blanketed EUV spectra. EUV spectra of the necessary resolution can be obtained only by SAGE. 

Key Objective: The Role of Helium in WD Evolution: SAGE will conduct a systematic survey for photospheric helium in the DA WDs. Target selec​tion will include isolated WDs and WDs with bi​nary companions (see 39 targets in Table 1), cover a range of Teff and g, and span a range of heavy element compositions. SAGE will map the abundance of He (when present) by Teff, g and heavy element composition and will study the ef​fect of common envelope evolution and associated mass-loss. Figure 5 shows our sensitiv​ity to the presence of photospheric He (He/H=10-7) in a pure H atmosphere when interstellar He II is also present. With typical S/N~20, SAGE will have a detection limit of ~5x10-8, >2 orders of magnitude below that achievable with FUV obser​vations (e.g., Barstow et al. 2001). Low levels of photospheric He will be detectable even when signiﬁcant quantities of heaver elements are present (Figures 6 and 7).

Key Objective: Heavy Elements in WD Atmospheres: High-resolution EUV spectra of heavy el-ement-rich DA stars, only obtainable with SAGE, allow measurement of photospheric abundances and their depth dependence (Figure 8).Outcomes reﬂect several processes, including mass loss, radiative levitation, gravitational set​tling, and accretion from the LISM. An important control group will be DAs with apparently pure H envelopes, where improved sensitivity may allow detection of material at levels well below current limits, but are present if current theory is correct. Understanding heavy element transport in WD en​velopes is critical to understanding how thermonu​clear releases are initiated in classical novae; it is difﬁcult to trigger nova without heavy elements being present. 
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Figure 6. Simulated 4000s exposure of the DA WD+dM binary Feige 24, for H layer masses of 10-13 (red) and 10-14 (black) M(. The green histogram shows the actual EUVE observation. Poission noise has been included in the simulation, but all fluctuations are “real” spectral features.
2.1.2 White dwarfs with stellar and substellar companions

Binary systems containing single or double degenerate white dwarf stars represent key systems to study the late evolution of low-mass close-binary systems. The evolution of white dwarfs in close-binary systems can be profoundly altered by several mechanisms of mass exchange. The system may experience a common envelope phase while the WD progenitor is a red giant, leading to mixing of outer envelopes and possible mass expulsion. Later, the WD may ac​crete material, either at a low level by intercepting the stellar wind of its companion or as direct trans​fer through Roche lobe overﬂow. Among WD binary systems, the most numerous are the cataclysmic variables which consist of acccreting WDs from late type main sequence or in rare cases a giant companion. CVs include novae, dwarf novae, magnetic CVs and nova-like systems encompassing a substantial range of mass transfer rates, thus providing the best  laboratory to test accretion processes, involving composition, geometry, and the interaction of plasma with magnetic ﬁelds. Accretion may take place via a disk around the WD or, if the WD has a magnetic ﬁeld strong enough to disrupt the disk, through a stream onto the WD poles. The SAGE resolving power is sufﬁ​cient to measure dynamical spectral features in CVs since accretion velocities reach ~3000 km s-1. The magnetic CVs have magnetic moments (µ=1030 to 1033 G cm3) exceeding those found in any accreting NS. In classical novae CVs, accre​tion of H-rich material (>~10-4 M) leads to ther​monuclear runaways on the WD surface and ejects processed material into the ISM. Novae may also enter in a short lived (up to 10yrs) super-soft x-ray phase which is still poorly understood but of key importance to elucidate the link between CVs and one of the progenitor channels of type Ia SNe. Double-degenerate ultracompact systems, the AM CVns, consisting of an accreting WD from a h-deficient degenerate companion have also been proposed as an alternative channel to type Ia SNe. The plans to ob​tain large statistical samples of Type Ia SNe should backed by better understanding of the progenitors. Their ﬁnal states are the initial conditions for the SN. 
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In CVs, several distinct emission regions may contribute to EUV radiation or may at least modify it. Hot gas primarily responsible for the high-energy radiation is material from the donor star. In non-magnetic systems, the accreted material ﬂows through a disk and a boundary layer onto the WD equatorial regions. The inner disk and boundary layer are the main EUV sources. If the disk is dis​rupted by a magnetic ﬁeld, material falls onto the WD poles, forming a column of material that pass​es through a shock near the WD surface. In this case EUV emission can come from the shock or from the irradiated WD photosphere. In some sys​tems, material may be accreted at a rate allowing steady nuclear burning, which contributes a further emission component. If it is hot enough, the WD could be an EUV source in its own right, although the shorter wavelength emission will be severely attenuated by any heavy elements accumulated from the companion. To disentangle the various components requires time or phase-resolved spec​troscopic observations obtained across a range of mass accretion rates. 

Low S/N observations with EUVE yielded char​acteristic spectra for many types of accreting white dwarfs, but no clear conclusions about underlying physical processes. Accretion onto WDs in CVs can be mapped from the donor star down to a few WD radii in the UV and optical ranges. Most of CVs accrete via a disk whose luminosity is comparable to that of the boundary layer. This depends on the mass accretion rate and the WD mass. When the mass transfer rate is low as in dwarf nova in quiescence, the boundary layer is optically thin and hot and mostly emits in the hard x-rays. However during dwarf nova outbursts and in the high accretion rate nova-like systems the boundary layer is optically thick and relatively cool with temperature of the order of a few eV and then it mostly emits at EUV wavelengths. While, EUVE provided the first significant improvement in terms of spectral resolution in this range only a few bright dwarf novae were observed during outburst (see Mauche 2002). These provided first information on time delay between EUV and optical ranges, and hence on propagation of heating wave, as well as the detection of prominent features. However, it is not clear wheth​er these are broadened emission features, blends of many narrow lines, or a continuum source with strong, broad absorption features. A serious problem is that none of the observed sources are similar to each other hampering any attempt of quantitative analysis. 

The ultracompact AM CVn type binaries, unlike CVs, contain a helium WD donor star. Mass accretion may occur via a disk, which if hot is unstable (Nelemans 2005). They are soft x-ray emitters and recent XMM-Newton spectroscopy have shown that they are not only hydrogen deficient but also show non-solar metallicities (Ramsay et al. 2006), with strong overabundance of nitrogen relative to carbon and oxygen indicating CNO processing in the progenitors (Strohmayer 2004). They have also been found to possess a low soft X-ray/UV ratio (Ramsay et al. 2006) indicating that most of the accretion energy is emitted in the UV. The accretion luminosity is believed to be irradiated in the   disk or at the WD surface but only lower limits have been obtained so far. The maximum of the flux distribution in the prototype AM CVn peaks in the EUV range (Kuulkers et al. 2006). AM CVn stars provide a unique opportunity to study the physics of he-rich accretion disks.

In magnetic CVs, the disk is disrupted at a distance (the magnetospheric radius) which depends on WD field strength and mass accretion rate. The accretion flow is magnetically confined onto the WD poles and passes through a shock near the surface. In the  standard accretion model hard X-rays and cyclotron  emission are emitted in the post-shock region and partly  absorbed by the WD atmosphere which is heated up to a few tens of eV. The first spectroscopic evidence of irradiation of the WD atmosphere came from EUVE observations of the bright prototype AM Her (Paerels et al. 1996) where atmospheric absorption features could be detected as high ionization lines and edges of neon. Evidence of temperature inversion in the euv atmosphere was also found.  However, EUVE observations of other few bright magnetic systems have shown that the spectra are broadly  consistent with absorbed blackbody  models, (though they can also be  represented by pure H atmospheres),  but these fail  to  reproduce the observed  EUV fluxes (Mauche et al. 2002; Howell et al. 2002; Mauche  1999).  A serious aspect is that improvement in modelling of accreting WD atmospheres also requires better quality spectra in this range in order to unambiguously identify absorption features. Also, the relative proportion of hard X-ray and cyclotron emission depends on the magnetic field  strength of the  accreting WD and on local  mass accretion rate and thus  the ratio between soft and hard x-ray luminosities may differ significantly from source to source (Woelk & Beuermann 1992). The long-standing problem in addressing the energy budget in magnetic CVs is that some systems irradiation fails to reproduce the soft X-ray fluxes. Because the reprocessing can be traced from the soft X-rays to UV wavelengths (Gaensicke et al. 1995), the EUV range plays a  crucial role in determining the temperature structure of WD accretion spots and in understanding whether additonal heating mechanism (such as "blobby accretion") is required.

Super-soft sources (SSS) are among the most luminous x-ray sources. They are extremely interesting as likely progenitors of type Ia SNe (van den Heuvel et al. 1992), but they are often transient (or recurrent) in X-rays. SSS are instead often steady UV sources especially in the far UV (Nelson & Orio 2007, in preparation). A large fraction of SSS are close binaries hosting a massive H-rich WD which accretes at a rate that allows stable thermo-nuclear burning. Symbiotic stars make up a fraction of SSS (Orio et al. 2007) and most all classical novae may be observed in a super-soft x-ray phase, albeit for a short time (orio et al. 2001,  Pietsch et al. 2007). We are missing information on the energetics and temporal evolution of SSS. The soft X-ray spectra are not always consistent with WD atmospheres at near Eddington luminosities, because they may be produced in the wind that keeps the binary system in a stable state (e.g. Cal 87, Greiner et al. 2003, Orio et al. 2003). When the WD is actually observed, spectral fits using atmospheric models have shown that estimates of the physical parameters are reliable only with grating spectroscopic data (see Orio et al. 2006 and references therein). Model atmosphere fits to Chandra LETG spectra show that carbon is greatly depleted in some sources as a   consequence of CNO processing post-novae may show blue-shifted absorption indicating a still expanding atmosphere.  Soft X-ray and EUV observations of these sources provides and entirely new opportunity to obtain important results on these systems. This is especially important for understanding the origin of type Ia SNe, of neutron stars born by accretion induced collapse and of close binary evolution in general.
Key Objective: To disentangle the various components requires time or phase-resolved spectroscopic observations obtained across a range of mass accretion rates. SAGE will carry out time/phase resolved spectroscopy of different types of accreting WD binaries (see targets in table 1), to determine the nature of the emission mechanisms for the distinct regions in these systems (e.g., Figure 9). By isolating narrow spectral features, radial velocity measurements become possible for determination of accretion velocities, and, of particular importance, robust dynamical WD mass estimates. Mass estimates impact other astrophysical work including nova calculations and numerical models of accretion flows; mass sets the scale the gravitational field, yet reliable, accurate estimates remain scarce. Furthermore, improvement of irradiated atmosphere models will be possible based on higher s/n EUV spectra as well as a characterization of hot atmospheres of supersoft sources in an energy domain which is mostly unexplored. 
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Figure 9. Simulated 10ks exposure of a CV accretion region, comprising a 250,000K plasma and 50,000K white dwarf atmosphere. The red and black histograms show the extreme effect of orbital reflex motion (300km/s) of the WD. The green histogram, scaled for clarity, shows the simulation at the resolution of EUVE for comparison.
2.3 The Local Interstellar Medium
The ISM within 200pc of the Sun can be probed by SAGE using bright EUV sources, seen with high resolution through different optical depths and gas cloud structures along various lines of sight. This EUV technique has yielded much in the past; SAGE will reﬁne it, with broad astrophysical impact. FUSE, Chandra, and SAGE bring new levels of rigor and insight to ISM studies, with SAGE covering temperature and ionization states not accessible to the others. The local ISM, within ~200 pc of the Sun, is the only interstellar plasma in the universe accessible in this way. The limiting factor for detection of weak ISM lines is the S/N achievable for the instrument resolution and detector background. SAGE will obtain S/N 10-50, and we are exploring techniques to enhance the S/N.

The Sun is located in an unusually low neutral gas density part of our Galaxy, often termed the ‘Local Bubble’. Within this ~100pc diameter rarefied cavity carved out of the general ISM lies a complex of warm (~7,000 K) clouds (Frisch et al 2002, Redfield & Linsky 2000) in which the Sun is embedded. These appear to be part of a larger expanding cloud complex representing the 120 pc radius Loop I supernova shell centered on the Sco-Cen stars. It is through these cloudlets that the Sun passes through on its long journey around the Galaxy, and although these are our nearest concentrations of interstellar gas, their physical and chemical state are anomalous in two distinct ways. Firstly, the deuterium to hydrogen ratio (D:H) within these clouds is ~ 15 times higher than that found for  gas in the rest of the Galaxy (Linsky et al 2006), (2) the ionization state (and ionizing source) of the local has is highly anomalous in that He is apparently greatly over-ionized (Vallerga 1998). While the NASA FUSE satellite is currently making great progress in understanding the D:H problem, only SAGE can make progress in solving the He ionization conundrum.

Of all elements observed within the warm local clouds, He is most sensitive to non-equilibrium ionization conditions. The H ionization ratio, being extremely sensitive to the stel​lar EUV radiation ﬁeld, reﬂects ionization equilib​rium, but the He II/He I ionization ratio (because of the higher He I ionization potential χi = 26.6 eV), is insensitive to the EUV radiation ﬁeld. He ionization is a diagnostic of non-equilibrium ion​ization within the clouds. Detection of interstellar He is possible only in the EUV. Five WDs with low metallic line blanketing [15] measured by EUVE provide the best available data on He ion​ization in local clouds, indicating a fairly uniform He ionization fraction of ~0.25-0.50. Calculations (Lyu & Bruhweiler 1996) show observed He ionization cannot be due to photoionization from hot stars or from the sur​rounding 106 K gas. Instead, EUVE results imply nearby He is in recombination, from an ionization event (SN) that took place ~2-3 Myr ago, a picture supported by further theoretical analysis (Smith & Cox 2001). Anomalous 60Fe deposits in the Earth’s crust point to a nearby SN within the past 5 Myr (Knie et al. 1999). Yet Ar II/Ar I ionization results from FUSE suggest an unrecognized photoionizing source exists that might explain both Ar and He ionization (Jenkins et al. 2000). 

Key Objective: SAGE will obtain high-resolution spectra (29 targets, Table A) of the He II Lyman series (Figure 5), the He II ionization edge at 228 Å, and the He I au​to-ionization feature at 206 Å. The high spectral resolution and effective area of SAGE allow us for the ﬁrst time to disentangle interstellar He II and photospheric absorption in stars with substantial heavy elements, whose lines would be otherwise blended with the interstellar He II. Detection lim​its ~1016 atoms cm-2 for both He I and He II will be achieved by even modest S/N (~10:1) spectra. Combining SAGE results with column densities of low ionized species through the local cloud complex (HST & FUSE) gives us the optimum dataset for testing if He is in an ionization recombination phase and when the ionization event(s) occurred. These data may also shed light on the actual source of this unusual ionization pattern which may be linked to the origin of the Local Bubble cavity.

2.4 SAGE Observations of Extragalactic Sources

PKS 2155-304 and Mrk 421 are bright and were observed with EUVE. Extragalactic sources are variable in ﬂux, but when in high states can be studied near 100 Å, where attenuation of H and He in the galactic halo drops off dramatically shortward of 110 Å. Besides the Galactic Halo, SAGE will also sample hot gas coincident with the low-redshift Ly-α and O VI absorbing systems. Outside the Local Group, Chandra has been limit​ed by S/N and resolution and has yielded tentative results for z=0.297 for H1821+643 (S/N ~8 and R ~500 in a 470 ksec exposure Mathur et al. 2003). Data at high S/N can also conﬁrm possible EUVE detections of any highly ionized species of Ne, Mg, and Fe iden​tiﬁed in the beamed continuum of the relativistic jets of PKS 2155-304 and Mrk 421 (Cagnoni & Fruscione 2001, Konigl et al 1995). 

Key Objective: Several exposures of extragalac​tic sources in high state. For example, in 300 ksec SAGE can obtain S/N ~20 at 100 Å for PKS 2155-304. If present, Ne VII 97.495 Å, Ne VI 98.131 Å, and possibly Fe VIII 98.310 Å will be readily detected.
3. Mission Profile
The SAGE mission is to survey stellar evolution and activity together with the galactic environments surrounding the stellar targets. Some of the work will involve snapshot studies of individual objects in the local galactic space and selected targets will also be subject to medium and long term studies. The science programme will be centred on a core of ~100 pre-selected targets (see Table 1) and a competitively-selected Guest Observer phase. These will be drawn primarily from the EUVE and ROSAT WFC survey catalogues which provide a convenient list of the galactic and extra-galactic sources accessible at EUV wavelengths.

3.1 Launcher and Orbit Requirements
The primary science goals of the SAGE mission can all be achieved from Low Earth Orbit. Therefore, with a satellite mass of tbd kg, only modest demands are placed on the required launch vehicle. The Vega vehicle can provide the necessary launch capability. However, it will be necessary to confirm that the Vega fairing can accommodate the likely payload dimensions (5.0x1.5m cylinder). 

The nominal altitude will be ~500km and the inclination should be sufficiently low (~5o) to avoid high background regions in the auroral zones and South Atlantic Anomaly, to maximise the useful observation time. This mission will require a 3-axis stabilised spacecraft with fine (~1arcsec) pointing. Ideally, we will use an adapted version of a bus used for other missions. The version of AstroBUS 500, with Astrix 200 gyros, under development by EADS Astrium for Aeolius, is a generic science bus is a good match to the requirements of this mission.

With 3-axis stabilisation SAGE will have a Sun-avoidance angle >30˚. The fixed solar array will be sized to provide adequate power generation for pointing up to 60 degrees from the plane orthogonal to the Earth-Sun line. Therefore, all targets within an annulus of 30˚ to 150˚ in Sun angle will be accessible at any time. A study will be conducted in phase A to determine if occultation can be avoided and observing efﬁ​ciency increased by alternating between 2 targets per orbit. This study will also set requirements on transits of the Sun-lit Earth and Sun-lit Moon. ACS performance requirements are aspect knowl​edge of <1 arcsec (pitch and yaw), but modest pointing control to 60 arcsec. Roll pointing knowl​edge and stability are less important. 

3.2 Ground Segment Requirements

Data storage on the Astrobus spacecraft is sufficient that only one ground contact per day will be required to download data and uplink observing sequences. With a low earth orbit mission it is possible to operate with one of the 15m dish systems, but there is no other particular restriction on the choice of ground-station, which can be decided in relation to the ESA programmatic needs. Nominally, we suggest using the Kourou ground station.
3.3 Special Requirements and Critical Issues

The only critical issue/special requirement in this mission is the need to clarify the available accommodation within the fairing envelope of the Vega vehicle. 

4. Proposed Payload Instrument Complement

4.1 Overview

The SAGE payload is based on the proven J-PEX normal incidence EUV spectrometer concept, which utilises a multi-layer coated mirror to yield high reflectivity. While these multi-layers achieve high efficiency, this is over a limited waveband. Therefore, to cover a broad spectral range we propose to build a suite of 8 spectrometers, each having a different wave​band and together optimized for the proposed sci​ence over the total wavelength range 90-275Å. Figure 10 is an optical layout diagram showing the slitless design comprising a ﬁgured diffraction grating operating at near-normal incidence in a Wadsworth mount (Feldman et al. 1992). The basic design is sim​ple, has small aberrations, and yields large collect​ing areas. Its original heritage is the Skylab S-082A spec​trograph (resolving power 10,000), which pro​duced focused monochromatic solar images at the wavelengths of prominent emission lines (Feldman et al. 1987). However, high-resolution astrophysical spectros​copy requires high sensitivity. Therefore, SAGE uses large blazed ion-etched gratings, employs multilayer coatings to enhance efﬁciency, and records spectra with efﬁcient focal plane detectors. 




The SAGE instrument mechanical design is shown in Figures 11 and 12, and the mass and power budgets are given in Table 2. Each spectrometer has a door, which makes a dust-and light-tight aperture seal. Light enters through a collimated aperture, which minimizes the ﬂux of diffuse background radiation, and is diffracted by a grating to form a focused spectrum of a chosen order onto an MCP detector. All spectrometers are functionally identical, and the different wavebands are deﬁned primarily by the multilayer coating. Spectrometer characteristics (colour coded) and predicted performance (average resolution R and baseline effective area) are shown Ta​ble 3 and Figure 13, respectively. The thick black line is the summed effective area in regions where wavebands overlap. The effective area is the prod​uct of geometrical area, grating groove efﬁciency, multilayer reﬂectance, collimator transmission, ﬁl​ter transmittance, and detector quantum efﬁciency (QE), as explained in following sections. We have assumed conservative values for these quantities that are based on measurements. The inset to Figure 13 shows a dramatic increase in effec​tive area when the highest published values are used, particularly with detector photocathode QE. However, all sensitivity calculations in this pro​posal use the baseline effective area curve. 
Table 2. Mass and power budget for the SAGE payload

	Item 
	Unit Mass 
	Qty 
	Total Mass 
	Total Power 

	 
	(kg)
	
	(kg)
	(W)

	Collimator honeycomb+structure 
	4.5
	8
	36
	 

	MCP detector door 
	1
	8
	8
	 

	MCP detetctor+electronics 
	3
	8
	24
	32

	MCP detector HV 
	3.8
	1
	3.8
	12

	ML-coated diffraction grating 
	16
	8
	128
	 

	Diffraction grating mounting 
	2
	8
	16
	 

	Grating actuators (set of 3) 
	3.7
	8
	29.6
	* 

	ML-coated mirror 
	0.5
	2
	1
	 

	Mirror mounting 
	2
	2
	4
	 

	Collimator honeycomb+structure 
	1
	2
	2
	 

	Optical Alignment System (OAS) 
	7
	1
	7
	9

	Startracker 
	5.4
	2
	10.8
	20

	Baffle set 
	2
	8
	16
	 

	Structure 
	158.5
	1
	158.5
	 

	Payload Door 
	1.5
	8
	12
	 

	Payload Door Mechanisms 
	1
	8
	8
	* 

	Thermal control 
	10
	1
	10
	200

	Wiring harness 
	5.5
	1
	5.5
	 

	Central Electronics Unit (CEU) 
	20
	1
	20
	60

	SUBTOTAL 
	 
	 
	500.2
	333

	contingency 20% 
	 
	 
	100
	66.6

	TOTAL 
	 
	 
	600.2
	399.6

	*intermittent power drain outside normal ops.
	
	
	
	


SAGE will achieve effective areas of at least 30-50 cm2 at selected wavelengths and with cover​age exceeding 10 cm2 over ~67% of the range 90​-275 Å. At the location of important spectral lines the SAGE baseline effective area exceeds that of Chandra and EUVE by an order of magnitude (Chandra LETG response extends to ~170 Å). The SAGE resolving power of ~10,000 exceeds that of Chandra by at least a factor of 5, and EUVE by a factor of ~30. This combination of simultaneous high effective area and resolution makes SAGE a powerful instrument. 
A slitless spectrometer of high resolution has an ad​vantage over competing designs (e.g., Rowland circle with slit, as in FUSE) in that it does not place tight requirements on the S/C attitude con​trol system (ACS). Modest pointing error, drift, and jitter may be tolerated provided these motions are calibrated out. SAGE uses 2 star trackers, which together produce precise (<1 arcsec) time-resolved pointing knowledge. This information is later deconvolved from the time-tagged photon po​sitions in the raw detector images to recover the de​signed spectral resolution. A sophisticated optical alignment system (OAS) with partial redundancy is used to monitor alignment and wavelength scale. The SAGE Central Electronics Unit (CEU), mounted in the S/C, is equipped with a computer that controls the instrument and handles data, pow​er, and command interfaces (I/Fs) with the S/C. 

4.2 Diffraction Gratings and Optical Design

Holographic ion-etched gratings have very regular groove proﬁles and low surface micro-roughness (<5 Å) superior to that of ruled gratings as measured by Atomic Force Microscopes (AFMs). These advantages in topography lead to higher efﬁciency. Grating groove efﬁciency is an evaluation of grating quality. It is most often derived from mea​surements, but can be predicted accurately using models of the groove proﬁle, which may be theo​retical or determined from AFM measurements. Excellent agreement between models and mea​surements of multilayer gratings is now routine. The maximum groove efﬁciency for an ideal lami​nar grating occurs in 1st order and is 40.5% (Hellwege 1937). The best J-PEX laminar grating had a groove efﬁ​ciency of 34%, approaching the ideal limit, and with uniformity better than 10% (area 16x8 cm). We propose to use blazed gratings for SAGE as they offer two distinct advantages. First the groove efﬁciency of an ideal blazed grating can approach 100% in a chosen order (Vidal et al. 1985). Second, this performance may be achieved in higher grat​ing orders, allowing achievable groove densities at short wavelengths or at high-resolution. 
Table 3. Detailed design of the multi-layers for each spectrometer waveband.
[image: image5.emf]
Figure 13. Baseline effective area of SAGE (inset: Baseline and Best-case effective area sums).
Until re​cently, the best blazed grating groove efﬁciency was only 27%, but recent advances at Carl Zeiss (Germany) have produced signiﬁcant gains resulting in a groove efﬁciency of 40% (Kowalski et al. 2003). Moreover, we have new Zeiss gratings in which AFM-based models predict groove efﬁciencies in excess of 50% in 2nd order and 66% in 1st order. Conservatively, we assume 50% for groove efﬁ​ciency (Table 3) in calculating effective area. We will reduce programmatic risk by limiting the number of different groove densities that need to be manufactured. Tests show that grating resolution is unchanged with multilayer application, and diffraction-limited resolving power (R) of 9,000-14,000 has been measured on sam​ple gratings (Kowalski et al. 1993, Seely et al. 1993). Our 2-m focal length J-PEX ﬂight spectrometer produced R~3000. To achieve our target resolution, the SAGE gratings will have a longer, 3-m, focal length (1 arcsec -14.5μm), a similar high groove density, and ﬁve of them will operate in 2nd in​side order. The groove densities (2,700-3,600 g/mm, Table 3) are comfortably within current technical limits, but the large grating diameter (35 cm) will require an upgrade of Zeiss equipment. 
Figured grating substrates may be made with high precision, so that aberrations are primarily geometric. Ray-tracing techniques, used to calculate grating aberrations for spherical and par​abolic gratings with straight (parallel) grooves (Hunter et al. 2003) and for spherical gratings with curved grooves (Heidemann 2003) show a similar performance for the latter two cases. However, a spherical grating is much cheaper to produce than a parabolic one and has signiﬁcantly smaller slope error. Thus, spherical gratings with curved grooves have been chosen for the SAGE baseline design. The ﬁnal spectral resolution may be calculated from the rms sum of grating aberrations, the detec​tor blur circle, pointing knowledge uncertainty, and collimator diffraction. The last three terms are relatively insensitive to wavelength (values dis​cussed in later sections). From ray-tracing, the av​erage value of grating aberrations over the wave​band is 13 µm for all spectrometers. The calculat​ed rms sum is 25 µm, producing the average value of R shown in Table 3. However, R also varies over each waveband, e.g., spectrometer 4: from 12,400 at the multilayer peak to 9,830 in the wings. A detailed study of all factors, including grating aberrations, will be conducted in Phase B to obtain a complete resolution budget. 

4.3 Multilayers

Multilayers consist of alter​nating thin layers of high- and low-absorption ma​terials and are used to enhance the reflectivity of the normal incidence optics. Incident light near the design wavelength is reﬂected and transmitted by each bi-layer, and layer thickness is designed to produce constructive addi​tion of reﬂected components so that multilayers function like synthetic Bragg crystals. For any given design layer structure the reﬂectance can be predicted theo​retically and so the layer thicknesses can be optimised to maximise the efficiency. Real multilayers regularly achieve the predicted performance. Each SAGE spectrometer design (Table 3) has been optimized in an iterative process to cover selected spectral lines important for achieving our science goals. Peak reﬂectance increases with the number of bilayers (Np), while bandwidth decreases. For SAGE, Np has been chosen to pro​vide a balance between peak reﬂectance and band​width. This provides a high degree of programmat​ic margin as Np can be optimized shortly before deposition in response to the measured perfor​mance of other spectrometer subsystems. Multi​layer reﬂectance is also affected adversely by layer roughness and material inter-diffusion. These are more signiﬁcant at shorter wavelengths, so calcu​lations for the 3 shortest SAGE wavebands include a Debye-Waller factor. Long-term multilayer sta​bility has been investigated as well, and there is no signiﬁcant loss in performance over many years provided that surfaces are kept clean of contami​nants, particularly hydrocarbons (Barbee et al. 1993, Kowalski et al. 1995).

Focal Plane Detectors
The detector of choice for EUV instruments has in the past been a photon counting microchannel plate (MCP) stack with associated event position en​coding electronics.  The general goal is always to obtain the highest possible QE but SAGE places additional demands on spatial resolution to achieve the high spectral reso​lution goals. A readout design developed by the University of Leicester and Mullard Space Science Laboratory makes use of the “Vernier” anode. This employs a repeated se​quence of 9 linear anodes deposited on a multilay​ered substrate. The area of each anode varies along its length in a cyclic manner. Analysis of the charge collected by the anodes yields a 2-D image. The Vernier anode produces non-linearities <20 µm rms with spatial resolution limited only by MCP pore size. This mechanical design is based on ROSAT WFC, and a prototype detector employing the Vernier anode and 10μm pore MCPs was ﬂown successfully on the J-PEX mission. For SAGE we will use an improved version of this detector utilising 6 µm pore MCPs. In a standard “chevron” MCP pair configuration we have already demonstrated that we can achieve the desired gain uniformity, pulse height distribu​tion, low background rate (0.2 cnts cm-2 sec-1), ﬂat ﬁeld uniformity, and high QE (Bannister et al., 2000; Lapington & Sanderson 2000).

In the EUV de​tectors have to be “open face”, as there is no suitable window material that allows high transmission yet can retain a vacuum seal. High quantum efficiency requires use of an alkali halide (e.g., CsI, CsBr, KBr) opaque photocathodes deposited on the MCP surface optimized for 100-300 Å. These materials are highly sensitive to contamination and will degrade to varying degrees in the presence of water vapour. Therefore, each detector unit will need to be protected by an open-able door during ground testing and launch. We already have a proven design flown on J-PEX.

Detector readout electronics will consist of high bandwidth ampliﬁers mounted close to the detec​tor and Time-to-Digital Converter (TDC) modules for position encoding. The TDCs each comprise a constant fraction discriminator, time to amplitude converter, and an analog to digital converter (ADC) similar to that used on our earlier instruments. Detector event data (X & Y po​sition & pulse height) are sent directly from each of the TDCs to the experiment I/F. The experiment I/F also provides the high- and low-voltage power distribution, and analog control lines for the detec​tor electronics, including temperature sensors, stimulation pulser, and signal thresholds. 

One disadvantage of MCP detectors is the limited quantum efficiency (~20-30%) achievable with even the best photocathodes. In other wavelength ranges CCD detectors have become ever more efficient, approaching 100% at some wavelengths, but until recently EUV efficiencies were always very low. However, back-thinned CCDs have been developed for the EIS EUV spectrograph flown on board the JAXA solar mission Hinode. These devices were produced by e2v and have a 2048x1024 pixel format and 13.5μm pixel size, which is compatible with the needs of the SAGE spectrographs, and have a quantum efficiency of 40% across the wavelength range of interest (Culhane et al. 2007). However, CCDs have some disadvantages in the SAGE context when compared to MCP detectors. They need cooling (to ~-50oC) and the frame readout time (0.8s) limits the temporal resolution of the instrument. While no sources are sufficiently bright for a sepectrum to be accumulated on this timescale, it may be an issue for attitude reconstruction and achieving the target resolution. The trade-off between MCP and CCD detectors will be studied at Phase A.
4.5 Collimators
To minimize UV background ﬂux, each spectrometer aperture will be equipped with a high transmission honeycomb collimator (FOV 1.25˚). Techniques for assembling accurate colli​mators from thin copper sheet, used successfully on J-PEX (Golembiewski et al. 1998), will be adapted to SAGE. Collima​tor diffraction will be ~5 µm at 98 Å and ~10 µm at 225 Å. Collimator walls are coated with Ebonol-C to inhibit multiple reﬂection of back-ground UV. Outgassing by Ebonol-C and the colli​mator bonding-adhesive has been examined, and there is no signiﬁcant impact on contamination.
4.6 Filters
The UV background scattered by the gratings and internal structure is reduced to ac​ceptable levels by a thin-ﬁlm ﬁlter in each MCP detector. Two ﬁlter designs have been produced for SAGE. The ﬁrst is a 600 Å polyimide ﬁlm with a 200 Å Boron coating, which is used for the 4 shortest wavelength spectrome​ters. The second is a 1,200 Å Aluminium ﬁlm with a 200 Å graphite coating, which is used for the longer wavelength spectrometers. The load-bear-ing substrates are the polyimide and aluminum. The ﬁlters are supported by a mesh (transmission 82%) and are launched under vacuum and hence suffer no acoustic loads. However, the polyim-ide/Boron ﬁlter may be self-supporting, leading to a 22% increase in effective area. Therefore, a qual​iﬁcation test will be conducted to determine the suitability of meshless polyimide ﬁlters. For sim​plicity, we calculated for each spectrometer one average transmittance (including mesh) at the peak multilayer wavelength (Table 3), except for that covering the 175 Å waveband, which includes the cutoff caused by the Al L-edge (~170 Å).

4.7 Background

Detector background has three main causes: the intrinsic MCP background (or electron noise for a CCD), cosmic rays, and the diffuse UV background. The intrinsic background is 0.2 cts cm-2 s-1, and RO​SAT HRI experience indicates that cosmic rays should contribute 0.82 cts cm-2 s-1. We have exam​ined all sources of UV background (Drake 1997, Meier 1991). The strongest are lines of O I (1304/1356 Å), H I(1215.7 Å), O II (833.8 Å), He I (584.3 Å), He II(303.8 Å), and O II (303.7 Å) produced by geo​coronal and interplanetary scattering of solar radi​ation. The gratings diffract most of this back​ground radiation into strategically located light traps. The detector records residual scattered light. The dominant source is H I (1215.7 Å) radiation, whose intensity varies from 3,500 R (Rayleighs) on the night side to 35,000 R in daylight. SAGE expected background rates vary between 1.1 and 1.8 cts cm-2 s-1 night to dayside for the long wave​length spectrometers and 1.5-5.7 cts cm-2 s-1 for spectrometers 1, 2, and 4. The worst case is spec​trometer 3 with a rate of 2.3-14.1 cts cm-2 s-1. 

4.8 Structure
The SAGE structure (Figures 11 & 12) consists of two parallel graph​ite epoxy/aluminum honeycomb decks connected by a stringer/panel truss assembly. The octagonal decks have a diameter of 160 cm corner to corner. The aperture deck (top) contains 8 equally spaced collimators and 8 MCP detectors with front-end electronics. The grating deck (bottom) contains 8 equally spaced ﬂexure/actuator mounted gratings. Two star trackers (8˚ FOV) are mounted to the center of the aperture deck and coaligned with the spectrometer boresights to 1 arcmin. The deck load path transitions through a lug and clevis type connection bonded to composite square tube truss members. The baseline truss structure and deck laminates are a cyanate ester prepreg with M55j graphite ﬁbers. Quasi-isotropic GR/PMC panels are bonded to the truss structure forming a stiff​ened octagonal light-tight skin tube. The skin is 330 cm long, and a cylindrical extension of diame​ter 150 cm and height 30 cm encloses the detectors and collimators and functions as a Sun shade. Ac​cess to the interior is via hatches in the panels, ad​jacent to each deck. An axial composite tube is lo​cated between the decks. Attached to the tube are bafﬂes designed to trap unwanted grating orders. The tube will pass the MCP harness and heater/thermistor wiring from areas on the SAGE in​strument to the CEU. Pumpout ports are located in the skin, and use bafﬂes to attenuate scattered light. Finite element analysis will be used for structure design, model correlation, and coupled loads analysis. Optical components are pinned or bonded in place at ﬁnal alignment. 

4.9 Focus and Alignment/Wavelength Cali​bration 

High resolution observations are inher​ently difficult to implement in space instruments and careful attention has been paid to lessons learned by the FUSE mission. Ray-tracing results predict a depth of focus of ±100 µm for the SAGE gratings. Piezoelectric actuators are used to focus each grating during ground calibra​tion and on orbit, and observations of WD stars are used on orbit to monitor focus. Internal ﬂexure caused by thermal, gravity gra​dient, or other sources might degrade alignment and wavelength calibration, thus reducing spectral resolution. FUSE requirements were severe, hav​ing a slit through which all light must pass. SAGE requires only accurate aspect knowledge and accu​rate measurement of instrument misalignments. The star trackers provide aspect knowledge <1 arc-sec at 5 Hz, sufficient for the anticipated satellite jitter spectrum. However, alignment must be moni​tored on time scales short compared to target inte​gration times to calibrate (in data processing) both S/C jitter and instrument ﬂexure. SAGE employs two semi-redundant systems for this purpose. The ﬁrst system is a pair of multilayer-coated mirrors (Figure 12) at 98 Å and 200 Å. These mirrors are rigidly attached to their respective grat​ings and focus a target image on the parent MCP spectrometer detectors. Their purpose is to (i) de​termine any bore-sight shifts suffered by the star trackers by launch loads, (ii) serve as redundant backups to the startracker monitoring of ACS mo​tions, and (iii) monitor ﬂexure between their grat​ings and MCPs. This system was successfully em​ployed on J-PEX. However, use of the mirrors is limited by target ﬂux and functions (ii) and (iii) cannot be performed on weak sources.

A second system, the OAS, is designed to mon​itor ﬂexure continuously in all 8 spectrometers. Light from a bright LED, located on the aperture deck, is piped by an optical ﬁber to an attach point on each MCP detector. The 10 µm ﬁbre is a point source for a spherical mirror (diameter 5 cm) that is rigidly attached to the grating mount. This mir​ror focuses a spot onto a CCD, which is located on the instrument axis within the central tube, behind the star trackers, and cantilever mounted to the ap​erture deck (Figure 10). The CCD imag​es an array of 8 spots, each one representing a con​tinuous wavelength calibration ﬁducial of one spectrometer when combined with star tracker in​formation. Each ﬁbre source is ﬁltered or offset to create a unique signature on the CCD. A CCD with 1000x1000 10 μm pixels has been baselined. Instrument behaviour will characterized by the end of integration and testing. 

Optical distortion will be mitigated in a three​fold approach. First, a STOP (structural, thermal, optical performance) analysis will be used throughout instrument design and integration. Sec​ond, materials with low CTE and CME values will be used for the majority of instrument compo​nents. Third, piezoelectric actuators will be used to adjust spectrometer alignment and focus on orbit if necessary. A precision thermistor/heater TCS sys​tem will mitigate on orbit structure distortion. Moisture barrier and cost trade off studies will be conducted during Phase A to optimize focal length and alignment adjustment strategies. 

4.10 Thermal Control
The control volume of the instrument will be blanketed with multi-layer insulation (MLI). The entire instrument exterior except the collimator doors will be blanketed. Un​regulated conduction to the aperture and grating decks will be avoided. Instrument volume is ex​pected to be controlled to <1˚C (examined during Phase A). The CEU controls 6 heater circuits placed on each deck and around the circumference of the instrument. Survival heater mode shall be treated as a separate circuit controlled by thermo​stats. Thermal conduction from the instrument to the S/C is minimized using titanium ﬂexures. A comprehensive array of 128 thermistors located throughout the instrument is used to measure ther​mal ﬂow, providing an adequate basis for model​ing. A large power budget for heater control en​sures maintenance of desired temperatures. 

4.11 Mechanisms

Dust-tight, labyrinth seal doors are mounted over the collimator assemblies. Parafﬁn actuators are used to deploy the doors. Thermal conduction from the doors/hinges to the aperture deck will be minimized. 

4.12 Electronics

SAGE contains 8 MCP de​tectors, a single CCD and light source, and a CEU. Figure 1-2 shows the instrument electronics, which takes advantage of designs developed for recent space missions. The CEU consists of a control microprocessor, power distribution to, and data acquisition from detector electronics, HV control circuits, CCD control and data circuits, ac​tuator drive circuits, thermal control and general instrument housekeeping data acquisition system, and S/C I/F via a 1553B bus for commands, sci​ence data, and routine instrument SOH informa​tion. It is built using the BAE RAD750 133 MHz RISC-based single board computer (SBC), which uses a Power PCI bus ASIC to control the CEU circuit card assemblies (CCA). Each of the other boards is controlled by the processor via a cPCI bus I/F or a simple low rate control channel for heater control. Heritage: BAE750: STEREO (SECCHI), SDO (SHARPP); 1553B card: STE​REO (SECCHI) SDO (SHARPP). 

(should probably find some better examples from EU heritage here)
5. Basic Spacecraft Key Factors
5.1 Service Module Requirements
The SAGE payload is an array of co-aligned EUV telescopes designed to point at individual astronomical targets. Consequently it needs to be accommodated on a 3-axis stabilized spacecraft which provides the necessary subsystems to support operations in Low Earth Orbit. There are no particularly unusual requirements for the spacecraft but the most demanding need is the stability of the spacecraft attitude once a target has been acquired (pointing accuracy 60 arcsec, stability 1arcesc/s) and the subsequent accuracy of the attitude reconstruction (1 arcsec), to ensure that the target spectral resolution is achieved. Spacecraft performance below these specifications will lead to a degradation of the instrument performance.

The preferred launcher is the Vega vehicle, which can place 2,300kg into LEO at an inclination of 5.2o. This orbit will ensure low background radiation. Our preliminary analysis suggests that the Vega launcher and Kourou ground station will meet our operational needs, provided the Vega fairing can accommodate the 5.5m long x 1.5m diameter cylindrical envelope filled by our payload. The basic spacecraft requirements are summarised in table 4. Ideally, it would be most cost effective to utilise and existing spacecraft design from a previous ESA science mission. However, none of the likely available designs matches all the SAGE requirements. For example, the Gaia spacecraft provides the best match to the payload accommodation requirements, but is a spinning spacecraft and with fixed solar panels does not allow the necessary freedom of pointing on the sky. The solar panel provision would need extensive modification. Other service modules, such as XMM-Newton, Integral and Herschel are too large for the envelope of a small launch vehicle. Consequently, we have carried out a survey of the possible service modules available within European space industry. The small spacecraft Proteus and Minisat-400 are not able to support our payload mass. The best match to SAGE needs is the EADS Astrium AstroSAT 500 (Figure 14, Table 4). The following sections adopt this as the model service module for the mission proposal.

Table 4. Spacecraft requirements for the SAGE mission

	 Parameter 
	Requirement

	Payload mass 
	600 kg

	Payload power 
	400 W

	Payload envelope 
	3.5m high x 1.5m diameter

	Science data rate 
	65 kbps (max.)

	Science data storage 
	1.2 Gb/day

	Pointing control 1 σ 
	60 arcsec

	Pointing knowledge 1 σ 
	1 arcsec

	Stability 3 σ 
	1 arcsec/sec

	Slew capability (180 deg) 
	<9 min

	Ephemeris knowledge 
	<10 km

	Data downlink 
	1 contact/day (minimum)

	Orbit inclination 
	5.0 degrees

	Orbit altitude 
	500 ±50 km

	Mission lifetime 
	2 years (Ps = 0.85)

	Radiation environment 
	2 krad


5.2 Structure
The SAGE payload provides a rigid optical bench to support the eight individual telescopes, which will require an interface ring for it to be mounted on the spacecraft. Flexure between the bus and the payload must be sufficiently low to achieve the required pointing accuracy and stability. All the SAGE telescopes are co-aligned to point in the same direction. Since the spectrograph design is slitless, the alignment requirement is only 1 arcmin. However, any relative movement of the individual spectrographs needs to be no more than 1 arcsec. Figure 14 shows the accommodation of the payload on the AstroSAT spacecraft.


Figure 14. AstroSAT 500 platform and the accommodation of the science payload
5.3 Attitude and Orbit Control System
The AstroSAT 500 spacecraft provides 3-axis stabilisation and pointing within the requirements of the SAGE mission, to within 1 arcmin and a stability of 1 arcsec/s. Time tagging the re​ceived photons improves science performance with data processing on the ground. Acquisition of astronomical targets will require the spacecraft star trackers to be aligned with the payload optical axis. There is no strong need for rapid pointing of the instrument apart from the desire to maximise observational efficiency. In LEO, many targets will be occulted by the Earth for part of the orbit, apart from those near the ecliptic poles. A slew capability of 20o in less than 60s allows the possibility of observing at least two targets within a single orbit to allow full use of the available time. The star trackers should be mounted to the instrument assembly to minimize thermal distortions. Standard operational modes should provide inertial pointing, safe modes, autonomous momentum management, hierarchical fault tolerance and protection, and instrument boresight Sun avoidance. 

Attitude estimation is performed by a combination of star tracker measurements and gyroscopes measurements. Satellite position and velocity are estimated by the Navigation function, which relies on GPS measurements. Attitude control will be via three reaction wheels. In addition, they each have the necessary torque to slew the spacecraft. A magnetometer and three magnetic torque rods provide capability for dumping reaction wheel momentum. Coarse Sun sensors determine the Sun vector in safe and emergency modes to point the solar ar​rays at the Sun, while preventing the instrument from pointing at the Sun. In phase A, we will complete detailed jitter and momentum analyses. 
5.4 Thermal Control System

The TCS maintains component element temperatures within their allowable temperature ranges. These conditions need to be satisﬁed for all designated vehicle attitudes, operational modes, and mission phases. Thermal needs will be met using a primarily passive approach. Electronics temperatures will be maintained with internal power dissipation supplemented with heaters in Safe and Emergency Modes. To reduce the required heater power in cold-biased attitudes and low-power optional modes, batteries will use ther​mal switches for temperature control with resistive heaters for redundancy. The other bus elements will use resistive heaters to maintain their temperatures within speciﬁed limits. To further reduce TCS power requirements, the nominal heater activation setpoints will be cold-biased (set 5°C above the mini​mum allowable electronics temperature). Heater set points can be modiﬁed by ground command to conserve power or optimize sensor performance during critical operations. Sidewall radiators can be used to provide heat rejection capability over the full range of S/C operating power dissipations and attitudes. The external areas not used as radiator surfaces will be covered in MLI.
5.5 Electrical Power and Distribution System (EPDS)
The SAGE EPDS design is determined by the requirement that the S/C has a positive energy balance for all orbits throughout the mission. The primary design driv​ers are the SAGE orbit, pointing requirements, power demands, and mission lifetime. The 5˚ orbital inclination deﬁnes the worst-case eclipse duration. The eclipse duration inﬂu​ences both the solar array design and the sizing of the battery, as no power is generated by the array when SAGE is in eclipse. A requirement to observe targets up to 60 degrees out of the plane orthogonal to the Earth-Sun line determines the worst-case array efﬁciency. The orbital-average P/L power demand of 400 W also must be met for all orbits. With the need to fully recharge the battery after each eclipse then there is an additional 440W required for battery charging. The nominal 3 year mission duration determines both the expected radiation degradation of the ar​rays and the number of eclipse cycles that the bat​teries will experience. The precise sizing and configuration of the Electrical Power system (Solar Array / Battery) will require a detailed trade-off between the flexibility of the target acquisitions strategy and the resulting over-sizing of the solar array/battery. Subsystem power de​mands are shown in Table 5. Contingency fac​tors proportional to design maturity are applied at the component level to account for design uncer​tainties. The subsystem composites of these uncer​tainties are shown in terms of contingency growth percentages. 

	Table 5. SAGE Spacecraft Power Estimates Description 
	Operational Power 
	Safe Mode Power 
	Emergency Mode Power 

	
	Total w/o Cont. (W) 
	% 
	Total w/ Cont. (W) 
	Total w/o Cont. (W) 
	% 
	Total w/ Cont. (W) 
	Total w/o Cont. (W) 
	% 
	Total w/ Cont. (W) 

	Payload 
	363.6 
	10 
	400.0 
	254.5 
	10 
	280.0 
	254.5 
	10 
	280.0 

	ADC 
	59.3 
	15 
	68.2 
	23.3 
	15 
	26.8 
	23.3 
	15 
	26.8 

	EPS 
	17.9 
	27 
	22.7 
	14.5 
	25 
	18.2 
	13.6 
	26 
	17.1 

	C&DH 
	49.9 
	23 
	61.4 
	49.9 
	23 
	61.3 
	36.1 
	28 
	46.2 

	Structure 
	0.0 
	N/A 
	0.0 
	0.0 
	N/A 
	0.0 
	0.0 
	N/A 
	0.0 

	Mechanisms 
	0.0 
	N/A 
	0.0 
	0.0 
	N/A 
	0.0 
	0.0 
	N/A 
	0.0 

	TCS 
	25.0 
	45 
	36.3 
	29.4 
	45 
	42.6 
	31.4 
	45 
	45.5 

	Telecommunications 
	10.6 
	15 
	12.2 
	7.0 
	15 
	8.1 
	7.0 
	15 
	8.1 

	Total Bus 
	162.7 
	23 
	200.7 
	124.1 
	26 
	157.0 
	111.4 
	29 
	143.7 

	Total w/Payload 
	526.3 
	14 
	600.7 
	378.6 
	15 
	436.9 
	365.9 
	16 
	423.6 


In the event of an on-orbit contingency, Safe and Emer​gency Modes are used to safe the S/C and maintain a power-positive state. In these contingency modes, 120 W of the P/L power is shed. The re​maining 280 W is available, allowing full power for the SAGE heaters. This enables the timely res​toration of nominal science operations following a contingency. 

The SAGE EP​DS is a Direct Energy Transfer (DET) system, se​lected for simplicity, efﬁciency, low mass, and reli​ability. Current is extracted from solar cell circuits at the bus voltage, which is ﬁxed by the battery voltage. The power control and distribution electronics (including the charge control electronics) reside in the SCA, a heritage design from DI, used on OE and AIM. The SCA centralizes power functions under control of the ﬂight computer and provides power system telemetry. Backup H/W control also is implemented for critical portions of the power electronics (such as Li-ion battery overcharge protection and Emergency Mode power control). The charge control electronics provide battery-level charge control. 

Electrical power is generated by 7.5 m2 of triple-junction GaAs solar cells mounted on a con​ventional rigid substrate, ﬂat-panel solar array (aluminum honeycomb substrates with graphite-epoxy facesheets). The array design accounts for environmental and manufacturing losses. The solar array is deployed to a ﬁxed position after launch, as shown in Figure 15. Electrical energy storage for launch and eclipse operations is provided by two of the standard 33 Ah Li-ion batteries. A dual battery design is chosen to limit the total battery depth-of-discharge to 28% to minimize stress on the battery cells. The 500-km, 5° inclination orbit provides a worst-case eclipse duration of 36 minutes in a 95 minute orbit. Worst-case power generation at the end of 2 years is 1100 W.
5.6 Command and Data Handling System

The SAGE C&DH subsystem mini​mizes development risk and cost by using avionics from other mission pro​grammes. Subsystem requirements are driven by the components with which it must I/F and communi​cate. In addition, the C&DH system must provide a platform for executing ﬂight S/W (FSW). The C&DH subsystem is the core of the SAGE S/C. The overall electrical architecture is shown in figure 16.
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Figure 16. AstroSAT 500 Electrical Architecture

The On-Board Management Unit (OBMU) is the central processing unit. It interfaces with all satellite equipment, the Instrument, the S-Band communication subsystem, the AOCS equipment, telectrical power equipment, and the thermal equipment. The OBMU uses four modules to interface with the satellite hardware (TIF, IOC, IOS, SURVOBS). The OBMU also integrates the flight computer a MA3-1750 of 1 Mips giving adequate margins with respect to the satellite processing needs.

All these modules are redundant (but SURVOBS) and cross-strapped via the OBMU internal bus. Maximum reliability is therefore ensured by this and also by the use of an independent reconfiguration module that integrates the data necessary for processor re-boot.

The OBMU offers standard interfaces to the satellite users, namely the 1553 data bus. The 1553 is used for the gyro-package, the star trackers, the GPS, the SSR and the instrument. The on-board time is the GPS time that is given by the GPS receiver and synchronized by its PPS (Pulse per Second). This PPS signal is filtered by the OBMU to ensure minimum impact in case of GPS temporary holes. This on-board time is delivered to all users via the interface links and dedicated lines for the filtered PPS signal.
5.7 Telemetry and Ground Communications
The proposed spacecraft design includes an S-Band transponder for communications and an X-band transponder for data-downlink. Instrument data (with embedded S/C telemetry) can be transmitted at 4.0 Mbps, yielding and effective science data downlink rate of 1.44 Gb per 9.5-minute contact. This satisﬁes in​strument throughput and latency requirements us​ing one contact scheduled per day. The nominal margin using this approach is 20%. The system also accommodates a 2 kbps uplink and communicates with the baseline Kourou 15m ground station to achieve the required telemetry downlink rate. 
5.8 Critical Spacecraft Issues and Special Requirements
The requirements placed on the spacecraft by the SAGE mission are not specially demanding compared to previous ESA missions. The major demands are on the spacecraft pointing stability and stiffness of the satellite structure, which contributes to this and the ultimate spectral resolution of the instrument.

In LEO, the radiation environment is relatively benign and we do not anticipate that any special measures will be required, other than the shielding of the payload structure and MLI, to provide adequate protection.

The SAGE instrument complement comprises sensitive optical systems. Surface contamination of the gratings will lead to degradation of their reflectivity and pollution of the detector photocathodes by any contaminants will degrade the quantum efficiency. The exact requirements (maximum layer thicknesses etc.) will need to be determined during phase A, but we expect to be able to deal with this issue using standard cleanliness and contamination control approaches adopted for earlier astronomical missions.
6. Science Operations and Archiving
Science operations will be carried out under the auspices of ESA, as for observatory type missions such as XMM-Newton and Integral. The mission programme will comprise a large core programme, defined by a science advisory team but which will be publicly available, to meet the main science goals presented in this proposal. This programme will require about 70% of the available observing time for the first two years, leaving approximately 25% for a guest observer programme and a further 5% for instrument calibration and monitoring on-orbit. Thereafter, all the science time (95%) will be available as guest observer time. Core programme data will be made available at regular intervals (approx monthly) following a 1.5 month commissioning phase for the satellite. We propose a 6 month proprietary period for guest observer data.

Once on orbit, the initialization and EE&C phase consists of S/C and instrument checkout and is expected to last <45 days. Once S/C operations are veri​ﬁed and instrument pressure is sufﬁciently low, the instrument is initialized and tested. Once SAGE instrument systems are initialized and operations veriﬁed, the aperture doors are opened and the fo​cus, alignment, and calibration for each of the eight spectrometers are measured. Science opera​tions commence as soon as the initialization phase ends. Pointing optimization for SAGE requires observing >100 sources in a manner that meets background and safety constraints on orbit. Science observa​tions are baselined for 3 years. Science operations require a daily downlink of 0.35 Gb per day. At each RTS contact, data are downlinked on a 4 Mbps wideband link. S/C SOH data are interleaved in the 4 Mbps downlink fol​lowed by a command upload for the next day’s science operations. Any transient event occurring in the sky of astro​physical interest to the science team can be ob​served as a Target of Opportunity (TOO). SAGE should be capable of repointing within 24 hours to any target that satisﬁes observing constraints. 

SAGE data analysis begins with a data processing pipeline that reconstructs 2-D detector images, extracts the spectra, applies the necessary calibrations and ends with the scientiﬁc analysis by the science team or guest investigator and the publication of the result. In between are many automated or semi-automated steps to examine and document the quality of the data, the performance of the instrument, and the spectral properties of the observed targets. The ﬂow of data from acquisition to analysis is itera​tive because our knowledge of the instrument in ﬂight improves as the mission proceeds. The itera​tive process also includes feedback from the scientiﬁc community, which we view as an incentive to make SAGE data available to the broad scientiﬁc community as quickly as possible. 

The data processing pipeline begins with Level 0 at the SAGE Mission Operations Center (SMOC) where the telemetry contact is received, bit-synchronized, communications ar​tifacts (dropout, noise) removed, and the data, se​quential, mixed application-ID CCSDS telemetry source packets, encapsulated with a FITS keyword header containing telemetry contact information, and transmitted to the SMOC over the Internet. The maximum amount of Level 0 data for a two-year mission, 30% orbital duty cycle, both day and night side observations, and 64 bits/photon, is ~100 GB sci​ence data and ~150 GB total. Level 1 processing should begin within 48 hours of re​ceipt of data. Here, CCSDS packets are sorted, time-aligned, and merged by ID. Automatic data validation evaluates internal checksums, checks instrument conﬁguration against command history, limit checks SOH and MCP rates, analyzes MCP gain and image quality, spectrometer alignment and focus, and S/C pointing performance. Level 1 updates the RDB summary catalog with observa​tion information, SOH in engineering units, spec​trometer data quality and statistics, and validation results. The CCSDS speciﬁcations, which in​clude data organization, documentation, and soft​ware, are designed to preserve the long-term usability of data. Accordingly, an additional Level 1A step, encapsulates the CCSDS ﬁles with a FITS keyword header containing information from the validation record and creates a certiﬁed, “de​ﬁnitive” data archive. Level 2 processing creates the end product spectra. A script or graph-ics-based tool is used to query the summary cata​log for target, spectrometers, integration intervals, background and pulse-height discrimination, and output format, and initiate the data extraction into FITS ﬁles ready for detailed data analysis.

(Check on what specification is required by ESA for data cf. CCSDS)

 A science team will be assembled from recog​nized experts in their areas of interest to advise on the core science programme and to provide spe​cialized analysis tools in support of the data analysis effort. The as​tronomy and solar physics communities have de​veloped computer codes such as TLUSTY and Synspec (Hubeny & Lanz, 2003, 1995) and CHIANTI (wwwsolar.nrl.nav.mil/chianti.html, Young et al. 2003) for modeling stellar atmospheres and generating syn​thetic spectra which can be used to interpret SAGE data. SAGE analysis will use the standard astro​nomical software packages (e.g., XSPEC, IRAF, and IDL) suitably modiﬁed for SAGE. These packages contain tools to isolate individual lines or de-convolve blended lines in spectra and to ﬁt Gaussian, Voigt, and other functions to line pro​ﬁles. Of particular interest will be the IRAF sci​ence package developed for EUVE. 

A SAGE web site will include the observing schedule, and mission status, will display target “preview” spectra, and provide links to preprints and published results. The science team will vali​date and annotate completed target observations after which the target spectra will be available for download from the SAGE web site. Public re​quests for new Level 2 data products will be ac​cepted via a Web-based form and placed in the processing queue at the SMOC. 

Processed data will be supplied to a designated ESA archive, following procedures applies to other ESA missions. This will support “Mission” and “High-Level Science Products” searches using mission-speciﬁc interfaces similar to those utilised for XMM-Newton or Integral. We imagine SAGE special studies continuing far be​yond the life of the mission. We will document data processing requirements and prepare a Project Da​ta Management Plan early in the program. This al​lows the use of data processing software proto​types during instrument development and test and mature, well-tested versions for ﬂight. 
7. Key Technology Areas
The SAGE mission is at a high level of technical readiness through the development of a proto-type system that has flown successfully on a sounding rocket. Therefore, the basic instrument concept and capabilities have been demonstrated. In extending, the normal incidence spectrograph design for SAGE, there are two principal developments that go beyond the original design. First, the focal length of the SAGE optical systems will be extended from 2m to 3m, to provide enhanced spectral resolution (R~10,000 cf. R~5000). Second, the segmented grating design of the J-PEX instrument will be replaced by a larger monolithic grating, which considerably simplifies the optical alignment of the system. While the necessary 30cm diameter gratings have not yet been produced by the key supplier (Carl Zeiss), the dimensions are scaled only be a factor 3 compared to that already proven. Furthermore, if serious technical issues do arise from the production of these gratings, the segmented design remains a viable fallback that can achieve the mission performance goals. The technology readiness of all the payload items is high. Version have already flown in space, but since these are principally proven on short duration flights, it will be necessary to perform lifetime tests appropriate to the planned duration of the SAGE mission. Therefore, we have conservatively, placed all the items at level 8.

The AstroSAT 500 subsystems are based on existing technology and no further development is required. The Astrosat 500 platform is already flight proven - Rocsat 2, an Earth Observation mission for Taiwan was launched in 2004 and a second mission using this platform,  Theos, an EO mission for Thailand) is due for launch in 2007. The higher class of gyroscopes required for SAGE are due for launch in 2009 on both the ESA Aeolus mission and the CNES Pleiades mission.
Table 6. TRL level for the relevant subsystems

	Unit
	Assembly
	TRL
	Heritage

	Spectrograph
	Reflection grating
	8
	J-PEX, Hinode etc.

	
	MCP detectors
	8
	ROSAT WFC/HRI, Chandra, J-PEX

	
	CCD detectors
	8
	Hinode (alternative detector)

	
	Background rejection filter
	8
	ROSAT WFC, J-PEX

	
	Detector door
	8
	J-PEX, SSULI

	Spacecraft
	Astrix 200 gyroscope
	6
	To fly on ESA Aeolus & CNES Pleiades missions – level 9 by launch of SAGE

	
	All other subsystems
	9
	Rocsat-2 (Taiwan) launched 2004
Theos (Thailand) to be launch 2007


8. Preliminary Programmatics and Costs

8.1 Management

SAGE will operate as a standard ESA science mission, with the agency providing the overall management, the satellite, launch and science/mission operations.  National agencies will provide the instruments and data processing through a competitive selection, following and announcement of opportunity from ESA. The instrument responsibilities will be split into subsystem components to allow broad participation in SAGE from a number of teams and the opportunity isolate financially and programmatically manageable contributions for PI institutes. The overall management plan is illustrated in figure 17.
8.2 Schedule

There are no mission critical technology developments that might drive the schedule as far as the payload is concerned. However, it will be necessary to construct 8 essentially identical spectrographs which will provide a planning challenge. The primary difference between the individual instruments is the off-axis angular location of the detector and the makeup of the grating multi-layer. Therefore, it will not be necessary to fully qualify each spectrograph unit. The basic design can be qualified and then individual spectrographs subjected to workmanship and acceptance testing once constructed. Furthermore, it will not be necessary to have fully flight-spare duplication of all gratings and detectors. The detectors are completely interchangeable, so the programme can be supported by 1-2 spares. In addition, a small number of gratings can be held uncoated in reserve, for the multi-layer to be deposited on need for the appropriate wavelength if a replacement is required. 

9. Communications and Outreach

The partners in the SAGE programme have wide experience of Communications and Outreach. They have been involved in such activities for many years and have obtained underpinning funding for a variety of projects supporting schools, school students and enabling wider public engagement. There are many programmes throughout the ESA member states and it is absolutely essential that the SAGE outreach activity complements these by working within existing structures, including the ESA ESEROs, the ESA outreach office, national organizations such as the sciences centres (E.g. National Space Centre, Leicester; ESTEC visitor centre, Cité d’ Espace, Toulouse; Technopolis, Brussels) and funding agency outreach programmes (e.g. STFC in the UK, CNES in France).

The science that will be carried out by SAGE will have broad interest since it touches on some of the fundamental questions about our place in the galaxy and how this might have affected life on our own planet and life on other stars, in the past, present and future. Therefore, the topic is an ideal vehicle for public engagement. Topics like this can be used to deal with the specific related issues in school curricula but also provide a context for simulation of students, teachers and the public in science in general. We have used this general interest in “space” to great effect in the past and plan to integrate SAGE into the activities we currently support, as outlined below.

Lectures for Schools: We offer a wide selection of Physics, Astronomy and Space lectures for schools. Many of the lectures are also suitable for more general public audience and members of the research groups travel widely around the country visiting astronomical societies and other organizations. Special lectures on SAGE will be developed.

The Educational Guide to Space is a website (www.star.le.ac.uk/~edu) containing general material on space science and astronomy, including information on the Solar System, Stars, Galaxies and Space Missions. It was first created in 1997 and has been updated regularly since then, most recently in 2005. It will be enhanced to include material on SAGE. We will also provide dedicated outreach pages on the main SAGE project website.

Classroom Space is a Project for students age 11-18, designed to bring real space data into the classroom as a tool to enhance teaching across the whole science curriculum (also some Mathematics, IT and Geography). All the materials can be downloaded from the Classroom Space website (www.classroomspace.co.uk). Included are teacher notes, lesson plans, student worksheets and data from space missions formatted for use in standard classroom IT resources (e.g. Excel spreadsheets, data logging software). Recent updates have provided on-line workshops for GCSE and A-level students. SAGE will be added to this resource.
The National Redshift Project is a 2-year programme to develop the tools needed to make the Faulkes Telescope spectrographs accessible to schools, in parallel with a major national project to reproduce Edwin Hubble’s measurements of the expansion of the Universe. The major goal is to help teachers deal with teaching spectroscopy in the English National Curriculum and in other regions of the UK. SAGE is a spectroscopic mission and can play a big role in this project in providing data for schools.
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Figure 2. Emission measure distributions of the hot coronae of a sample of 6 main sequence, subgiant and active stars.








Figure 3. A simulated 15ks SAGE spectrum of the RS CVn binary λ And (black line). The red line shows the Chandra 100ks LETG spectrum. Inset: the LETG line, the expected SAGE response assuming 90 km/s thermal broadening and the SAGE instrument response (green).
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Figure 5. Simulated 5000s exposure of a pure H atmosphere WD such as HZ43. The red histogram includes a small interstellar HeII component (1016cm-2) and the black histrogram the same amount of interstellar material but also photospheric He with an abundance of 10-7.
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Figure 7. Simulated 4000s exposure of Feige 24 sentred on the 243Å HeII line at 2 phases (φ=0.25 red, φ=0.75 black), showing the reflex orbital motion of the WD. The fixed central line core is interstellar HeII.





Figure 8.  Simulated 10ks observation of the DA white dwarf G191-B2B showing absorption line strengths for a stratified (black) and homogeneous (red) distribution of Fe in the photosphere.
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Figure 10. Optical layout of a single SAGE spectrometer (above left).


Figure 11. Arrangement of the 8 proposed spectrometers on board the SAGE spacecraft (above right).


Figure 12. Aperture and grating decks (collapsed onto a single plane (lower right).
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