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1 Executive Summary
The Spectrometer/Telescope for Imaging X‑rays  (STIX) provides imaging spectroscopy of solar thermal and non-thermal X-ray emission from ~4 to 150 keV, with unprecedented sensitivity and spatial resolution (near perihelion), and good spectral resolution (Table 1). Since bremsstrahlung X-ray emission from electrons is well-understood, STIX can provide quantitative information on the timing, location, intensity, and spectra of accelerated electrons as well as of high temperature thermal plasmas, mostly associated with flares/microflares. Electrons escaping the Sun during the same events generate solar type-III radio emission that the Solar Orbiter (SO) RPW (Radio & Plasma Wave, proposed separately) instrument can track into the heliosphere. These escaping fast electrons are near-ideal tracers of magnetic field lines, so the detection of their arrival in situ by the SO EPD (Energetic Particle Detector, proposed separately) instrument when the type III burst has drifted down to the local plasma frequency (Figure 1), would show unambiguously that the heliospheric magnetic field detected in situ by SO originates in the X-ray source location at the Sun. This field line tracking by STIX/RPW/EPD directly addresses the prime HELEX science question – “What are the origins of the solar wind streams and the heliospheric magnetic field?” 

Then, the characteristics of the magnetic field source region obtained by SO’s imaging instruments can be directly compared to the properties of the plasma and fields measured by SO’s in situ instruments. Furthermore, STIX measurements of the characteristics of the energetic electrons at the Sun can be directly compared to EPD’s measurements of the electrons in-situ at SO, to address the second prime HELEX science question - “What are the sources, acceleration mechanisms, and transport processes of solar energetic particles?” 

Based on the last solar cycle statistics and the capabilities of the proposed SO instrument, field line tracking will be possible, on average, about once every two days in the prime mission, once a week at solar minimum, and more than once a day in the extended mission near solar maximum.  STIX will supply on-board a flare trigger (within seconds and including the source location to better than ~3 arcminutes), to other SO instruments so their operations, data taking and downlinking can be optimized to maximize the science return. STIX thus plays a key role in connecting the SO in situ and remote sensing observations. 

At closest approach, STIX will resolve X-ray sources as small as 1,100 km, compared to 1,600 km for the Ramaty High Energy Solar Spectroscopic Imager (RHESSI, Lin et al. 2002).  It will detect events that are 15 times weaker than is possible with RHESSI, thus opening a new window for exploring the weak hard X-ray emissions from the corona, expected from the flare acceleration site, from coronal mass ejections (CMEs), from the escaping electrons that produce coherent radio emissions such as type III bursts, and from the quiet Sun. STIX’s high sensitivity measurements of X-rays from the very high coronal sources associated with fast CMEs can help to address the last prime HELEX question – “How do coronal mass ejections evolve in the inner heliosphere?” 

Finally, together with STIX-like X-ray imaging spectroscopy instruments on Sentinels, the full-up HELEX mission will enable powerful new multi-point stereo imaging and occultation techniques for the systematic study of flare X-ray source sizes, heights, and geometries in three dimensions; and for the measurement of X-ray directivity to determine the pitch-angle distribution of the emitting electrons. 
Instrument Description

STIX is based on a Fourier-transform imaging technique essentially identical to that used successfully by the Hard X-ray Telescope (HXT) on the Japanese Yohkoh mission (Kosugi et al. 1991), and very similar to that used for RHESSI. STIX consists of an imager with 64 subcollimator - each made up of two parallel slit-slat X-ray grids separated by ~0.55 m - and a spectrometer with 64 Cadmium Zinc Telluride (CZT) X‑ray detectors, one behind each subcollimator. The transmission through the grid pairs is a very sensitive function of the direction of incidence of the X-ray flux, so the relative count rates of the detectors behind the different subcollimators encode the spatial information that can be subsequently decoded on the ground to reconstruct images of the source region at different X-ray energies. The STIX instrument performance (Table 1) is optimized to fulfill the HELEX science requirements, and the modest resource requirements (Table 2) are fully compliant within the constraints in the SO PDD.

Table 1: Summary of STIX performance
	Energy Range
	~4  –  150 keV

	Energy Resolution (FWHM)
	1 keV @ 6 keV to

15 keV @ 150 keV

	Effective area
	12 cm2

	Finest angular resolution
	7 arcsec

	Coarsest angular resolution
	3 arcmin

	Field of view for imaging
	1.5( (FWHM)

	Field of view 
for source location 
	2.5( (>~ full Sun)

	Image placement accuracy
· Imaging mode
· Location mode
	~4 arcsec 

1-3 arcmin

	Time resolution 
(statistics limited)
	≥ 0.1 s


Table 2: Summary of STIX resources.
	
	Mass
[kg]
	Power
[W]
	Telemetry
[kbps]

	Nominal
	4.0
	4.0
	0.2

	Margin
	0.4
	0.4
	

	Total
	4.4
	4.4
	0.2


Operations and Data Analysis

STIX operations are largely autonomous, insensitive to normal flight operations, and based on preloaded parameter settings (e.g. detector gain settings, time and energy binning algorithms, etc.). STIX will provide a flare trigger over a SpaceWire bus in near real time for use by other instruments on SO to initiate and optimize their operations. This is critical for the close coordination of the remote sensing with the in-situ observations that is needed to achieve the SO science objectives.  To further facilitate this coordination, several proposing PIs of other SO instruments are included as STIX Co‑Is. After selection, the STIX team will hold a workshop to discuss the use of the STIX flare trigger with other SO instrument teams to optimize the science output of the SO mission.

STIX data analysis and archiving will greatly benefit from the RHESSI heritage. The telemetered STIX data will be count rates of individual detectors. While time and energy binning is done on-board to save telemetry, image reconstruction is done on the ground. The raw data and the analysis software will be made available to SO researchers and the public within the shortest time possible; typically within 24 hours for RHESSI. Furthermore, a catalog of reconstructed images and spectra will be provided, greatly simplifying STIX data analysis for non-expert users. 

The Team

The STIX team is led by the PI, Prof. Dr. Arnold O. Benz, ETH Zurich, Switzerland. The PI will fulfil all the duties foreseen in the Solar Orbiter Science Management Plan. He is aided by the Co-PI, Dr. Säm Krucker, who serves as his deputy. Oerlikon Space, a professional Swiss aeronautics and aerospace company with substantial experience in the field will provide help with management and quality control. Hardware contributions are funded by four European nations and by NASA (see Table 3). The lead Co-I of the Imager is Prof. Dr. Gottfried Mann, AIP, Germany, who is a close collaborator with the RHESSI team. The grids and attenuators, with heritage from RHESSI and years of US development, will be provided by UC Berkeley and GSFC (the imager scientist and lead Co-I, Dr. Gordon Hurford, with support from the RHESSI PI, Prof. Dr. Robert. P. Lin, and the RHESSI mission scientist, Dr. Brian Dennis). The lead spectrometer Co‑I is Prof. Dr. Gunther. Dissertori at ETH Zurich. The IDPU will be designed and built by SRC, Poland, led Co-I Prof. Dr. Janusz Slywester; and the power supplies and flight software will be provided by AIAS lead Co-I Dr. Frantisek Farnik. Data reduction and archiving will be lead by Prof. Dr. Andre Csillaghy, FHNW, Switzerland, who led the data analysis part of the RHESSI software effort.  The STIX team furthermore has 23 science Co-Is who have committed their time for STIX data analysis and interpretation.

The STIX team has long and extensive experience in hard X-ray imaging and spectroscopy. Many of the leading members of the team were closely involved in RHESSI, including the PI (Benz), Co-PI (Krucker), lead imager Co-I (Mann), and lead data analysis Co-I (Csillaghy); and/or have experience with other X-ray missions such as the Japanese HXT onboard Yohkoh (Hurford), the Czech Hard X-ray Spectrometer (HXRS) onboard the American MTI spacecraft (Farnik), and the SphinX  imaging instrument on the Russian CORONAS mission (Sylwester).

Funding

The Swiss Space Office is the lead funding agency and has sent a Letter of Endorsement to ESA. Additional funding will be provided by six national funding agencies in Europe (see Table 3) that will send Letters of Endorsement to the Swiss Space Office and ESA. Most of the STIX instrument will be designed and fabricated in Europe. The grid and the attenuator assemblies are specialized components with direct RHESSI heritage and extensive US development, so it is proposed that they be fabricated in the US (with NASA funding) as bolt-on units to the imager and spectrometer, respectively. The clean mechanical interfaces allow these assemblies to be considered as sensors according to the NASA Focused Opportunity for Solar Orbiter (FOSO).

Table 3: STIX team & national funding agencies.
	
	Institute

	Lead Scientist
	Funding Agency

	Management
	ETH

UCB
	Benz

Krucker
	CH PRODEX

NASA

	Imager
	AIP

UCB

GSFC
	Mann

Hurford

Dennis
	DLR

NASA

NASA

	Spectrometer
	ETH

AIAS
	Dissertori

Farnik
	CH PRODEX

CZ PECS

	IDPU
	SRC

AIAS
	Sylwester

Farnik
	PL PRODEX

CZ PECS

	AIT
	ETH
	Grimm
	CH PRODEX

	Data reduction & archiving
	FHNW

UGraz

TCD

LESIA

Glasgow

UCB

GSFC
	Csillaghy

Veronig

Gallagher

Vilmer

Brown
Hurford

Dennis
	CH PRODEX

AT PRODEX

IRL PRODEX

F CNES

UK University

NASA

NASA

	MOC/SOC 
	ETH
	TBD
	CH University


Compliance

The STIX schedule is fully compliant with the overall SO schedule. STIX is also fully compliant with all HELEX and Solar Orbiter baseline science requirements, and fits within the resource allocation.
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Figure 1:  Tracing the magnetic connectivity from SO back to the Sun by combined STIX/RPW/STE observations. (STIX observations) The figure on the bottom left gives the solar source region observed by RHESSI in X-rays showing thermal emission in red contours, and non-thermal bremsstrahlung emission in blue contours. The shown image is taken by  TRACE and shows a jet moving away from the X-ray source region. To the right, the spatially integrated X-ray spectrum is given with a thermal (red) and power-law (blue) fit. The black bar with arrows indicates the energy range of STIX covering the thermal and non-thermal energy range. (RPW observations) Supra-thermal electrons escaping the flare site can be traced by their radio type III emission (top right shows radio observations from WIND/WAVES). (EPD observations) In-situ electron detectors provide direct measurements of escaping super-thermal electrons (the bottom right plot shows WIND/3DP observations). 
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Scientific Objectives

The Spectrometer/Telescope for Imaging X-rays (STIX) investigation will play a key role in addressing two of the main science objectives of the joint SO and Sentinels mission:

1) What are the origins of the solar wind streams and the heliospheric magnetic field?

2) What are the sources, acceleration mechanisms, and transport processes of solar energetic particles?
STIX will also help to address the last main science objective: 3) How do coronal mass ejections evolve in the inner heliosphere?

STIX X-ray imaging spectroscopy in the energy range of ~4 to ~150 keV with a spatial resolution of 7 arcsec provides the intensity, timing, spectrum, and location of suprathermal electrons accelerated near the Sun, and hot thermal plasmas Combined X-ray observations with STIX and the X-ray imagers on the Sentinels will allow us for the first time to systematically observed solar flare emissions from different view angles, including partially limb-occulted observations. 

Furthermore, STIX will provide a flare trigger including timing and locations of activity on the solar disk. This will be crucial for organizing joint observations of the in-situ and remote sensing instruments onboard SO.

2.1 Overview

The acceleration of electrons is observed to accompany almost all transient releases of energy by the Sun. In large solar flares, hard X-ray (HXR) and γ-ray continuum emission produced by collisions of energetic electrons with the solar atmosphere have been observed up to tens of MeV (Figure 2), with the accelerated >20 keV electrons typically containing up to >~10-50% of the total energy (>~1032 ergs) released in the flare (Lin & Hudson, 1976; Lin et al 2003), indicating that the acceleration process must be intimately linked to the energy release. HXR observations show that flares of all sizes, down to microflares (~10-6 the energy of the largest flare) that occur as frequently as every few minutes during high solar activity, accelerate electrons, but to lower energies, ~10 keV (e.g. Lin et al., 2001, Krucker et al., 2002; Benz & Grigis 2002). The frequency of flares increases rapidly as the size decreases, suggesting the possibility that the total flare energy release rate, averaged over time, might be significant for the heating of the corona.   

Some of the accelerated electrons escape into the heliosphere. Near 1 AU, electrons up to tens of MeV (Datlowe 1971) are observed in large (so-called gradual) solar energetic particle (SEP) events that are generally associated with both large solar flares and fast coronal mass ejections (CMEs), but are believed to be due to acceleration by CME-driven shocks and not by flares. However, impulsive SEP events that are dominated by low energy ~1 to ~100 keV electrons and ~0.01–1 MeV/nucleon ions, are the most common, with >~104 events/year occurring over the whole Sun near solar maximum (Lin 1985). These events have large e/p ratios, enhanced abundances of 3He and of heavy ions with high charge states, and enhanced alpha/proton ratio. They extend over ~30° in solar longitude, and are associated with solar type III radio bursts that drift down to near the local plasma frequency. Many of these events clearly come from flares/microflares, but often not even a microflare or soft X-ray burst is detected. In addition, even at the quietest times, a quasi-steady suprathermal electron tail (the “superhalo”) that extends from ~1 to >~100 keV is continuously present in the interplanetary medium.
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Figure 2: Composite X-ray/(-ray spectrum for a large flare. Electrons must be accelerated to >10s of MeV to produce the broken power law continuum emission extending from a few tens of keV to near the пo decay peak at ~70 MeV. The (-ray lines and пo decay photons show that ions of ~2 to >100 MeV and ~GeV energies, respectively, are accelerated as well. 

Because the  process of electron emission of bremsstrahlung X-rays is well understood, HXR  observations are a key diagnostic and can provide the most reliable and quantitative measures of the properties of the parent energetic electrons.
SO will for the first time provide combined in-situ particle measurements close to the Sun and remote imaging observations on a single spacecraft. Supra-thermal electrons are fast and have small gyro-radii, making them near-ideal tracers of the magnetic field lines. The close approach to the Sun will significantly reduce the influence of particle transport in the turbulent interplanetary medium on estimates of the particle travel time. Thus, the in-situ detection of suprathermal electrons with temporally correlated radio type III observations, and hard X-ray flare imaging spectroscopy will allow the solar source region to be located and the magnetic connectivity to the spacecraft to be established. Coordinated observations of this type for many events during the SO operational lifetime will provide the core data for addressing two of the prime HELEX science objective –– “What are the origins of the solar wind streams and the heliospheric magnetic field?” and “What are the sources, acceleration mechanisms, and transport processes of solar energetic particles?”. 

STIX is thus a critical instrument for the Solar Orbiter mission. Through its remote sensing X-ray imaging spectroscopy of solar flares it will determine the intensity, timing, spectrum, and location of accelerated electrons near the Sun. The escaping electrons can then be tracked into the inner heliosphere through their type-III radio emission, observed by the RPW (Radio and Plasma Waves) instrument, and detected in situ by STE (Suprathermal Electron sensor) and EPT (Electron Proton Telescope) sensors of the Energetic Particle Detector (EPD) suite, to provide direct tracing of the magnetic structure, field line length, and connectivity. In this way, STIX, RPW, and STE are able to link the heliospheric region observed in situ back to the source regions at the Sun.  Solar Orbiter’s imaging instruments can then provide the physical parameters and structure of the magnetic field source region on the Sun, for direct comparison to the characteristics of the solar wind and magnetic fields measured in situ by SO.
STIX will provide imaging spectroscopy measurements of solar hard X-ray emissions at the highest-ever sensitivity and spatial resolution. Combining STIX observations with other data sets provided by SO and other space-based and ground-based observatories will greatly increase the scientific return of the instrument. This set of data will fully exploit the unique opportunity the Sun offers for studying energetic particle populations of astrophysical interest, through the combination of remote sensing and in-situ diagnostics. It will shed new light on old problems, and enable completely new observations that will allow us to make significant progress in the following topics (see Section 3.2. & 3.3):

· Identifying the magnetic connection between the inner heliosphere and  the Sun
· Tracing of supra-thermal electrons from the coronal acceleration sites out through the solar atmosphere and into interplanetary space

· Imaging of the solar source region of suprathermal electrons

· Supra-thermal  electrons acceleration associated with CMEs
The SO close proximity to the Sun will significantly increase the sensitivity of STIX compared to present-day X-ray imagers that are or have been in Earth orbit (see Section 3.5).  This added capability will expand old fields of X-ray investigations to new regions of parameter space, and open new fields that have not previously been accessible for X-ray research (see Section 3.4). These topics include the following:

· Statistical measurements of microflares in active regions and their possible relation to coronal heating

· Search for non-thermal X-ray emission from the quiet corona 

· Search for thin-target X-ray emission from electron beams, in particular from beams producing radio type III bursts

It is crucial for SO’s success to carefully plan coordinated observations between the different in-situ and remote sensing instruments, especially as the data rate is very limited. STIX will play an essential role for this coordination by providing a flare trigger with location on the sun that can be used by other instruments to initiate and optimize their operation, data taking, and data selection. The flare information that will be available nearly instantaneously will include onset times, durations, intensities in several different X-ray energy ranges, and locations on the Sun with an accuracy 1 to 3 arcmin.

Besides these joint diagnostics with in-situ measurements, the different solar view angle is another unique SO feature that can provide additional information. Combining X-ray observations at different view angles by the Sentinels (and/or by other space missions that may be operational at the same time) will allow us to systematically study the following aspects for the first time (see Section 3.6):

· faint emission from the corona in partially limb-occulted flares from one spacecraft, with simultaneous observations of the entire flare emission from another spacecraft

· Three-dimensional X-ray source sizes and geometries and their temporal evolution

· X-ray directivity to disclose three-dimensional velocity distribution of hard X-ray producing electrons

2.2 Combined remote-sensing and in-situ observations 
2.2.1 Tracing the magnetic connectivity 
SO will for the first time provide combined remote sensing and in-situ observations close to the Sun on a single spacecraft to study the source region, the escape, and the transport of solar energetic electrons (Figure 3). Impulsive electron events observed in-situ will be traced back to the Sun by temporal and spectral comparison with STIX hard X-ray observations to identify the coronal source regions. Magnetic-field extrapolation from photospheric magnetograms taken by VIM (Figure 3A), together with in-situ magnetic field and plasma measurements observed by the magnetometer and solar wind instrument, radio observations by RPW (Figure 3B&C), EUV imaging by EUI (Figure 3D), and white-light coronagraph observations by COR (Figure 3F), will make it possible to reconstruct the coronal magnetic field. STIX hard X-ray observations will give diagnostics of non-thermal electrons including their timing, location, spectrum, and total energy. Furthermore, STIX soft X-ray observations together with EUV imaging and spectroscopy by EUI and EUS will provide the images and other diagnostic information needed to characterize the thermal plasma in the coronal source region. This will allow us to address the following questions:

· What are the source regions and acceleration mechanisms of energetic electrons observed in interplanetary space? 

· How and when do energetic electrons escape from the solar source regions?

· What are the transport mechanisms that affect the escaping energetic electrons?

Figure 3 shows combined X-ray, radio, and in-situ observations of an impulsive electron event observed by various spacecraft near 1 AU. During solar flares, electrons are accelerated to a wide range of energies from the keV range to well above 100 MeV. These electrons interact with ambient plasma to produce X-ray emission through the electron-ion bremsstrahlung mechanism (Figure 3D). Since the intensity of the bremsstrahlung emission is proportional to the ambient plasma density, the brightest hard X-ray sources tend to be in the chromosphere, at the footpoints of coronal magnetic field lines. Flare-accelerated electrons moving upwards on field lines open to interplanetary space may suffer only minimal energy losses by collisions as the coronal column density is generally too low to stop them. They can thus freely escape into interplanetary space where they can be observed in-situ (Figure 3C). However, the observations clearly show that the energy in escaping electrons is only a very small fraction (0.1-1%) of the total flare energy (e.g. Lin & Hudson 1971). 

Escaping electron beams generally are unstable to the bump-on-tail plasma instability and produce Langmuir plasma waves, that then interact with density fluctuations and other waves to generate radio waves at about the local plasma frequency, the so-called radio type III bursts. Because the density generally decreases with increasing altitude and the plasma frequency is a function of density, the emitted radio emission drifts rapidly in time from high to low frequency as the electrons propagate away from the Sun (Figure 3B&C). Radio observations therefore trace electron beams escaping from the acceleration site(s) into interplanetary space. RPW will provide the low frequency (20 MHz down to ~10s of kHz) radio observations tracing electron beams in interplanetary space at radial distances >2 solar radii to the vicinity of the SO. Escaping electrons in the lower corona will be traced by ground-based radio imaging instruments at higher frequency, e.g. by the Low Frequency Array (LOFAR, from ~10 to ~240 MHz corresponding to radial distances between ~0.3 and ~2 solar radii) and the Frequency Agile Solar Radio Telescope (FASR, from ~50 MHz to ~20 GHz corresponding to radial distances from the flare site itself up to ~1 solar radius). Besides radio type III bursts, spectral radio observations reveal many other types of emissions from energetic electrons (e.g. Bastian, Benz, & Gary 1998). Of particular interest are so-called ‘spike’ bursts that are often found to occur at the start of type III radio bursts (e.g. Benz 1985) and are therefore possibly the direct signatures of electron acceleration. In other events (Figure 4), the link between hard X-ray-producing electrons, radio emissions, and escaping electrons is more complicated than in the simple case shown in Figure 3. Only some of the hard X-ray peaks are related to escaping electrons, while others are not (e.g. Benz et al.  2005).  By comparing the locations of the hard X-ray emission for different hard X-ray peaks, STIX observations will allow us to study changes in magnetic connectivity between the closed and open magnetic field configurations at the time of the derived release of energetic electrons into interplanetary space.

SO measurements in combination with ground-based radio observations will give us the first complete set of imaging and in-situ observations to fully trace electrons from their solar acceleration site out into interplanetary space (Figure 1&3). Based on statistical observations of impulsive electron events seen by WIND, about 2,400 impulsive electrons events will be seen during the SO prime mission (see Section 3.5). This will allow a roughly daily sampling of field connectivity from SO back to the Sun.

2.2.2 Escape of energetic electrons

Presently, the electron injection time at the Sun is generally determined from the observed electron event onset times at different energies near 1 AU using a simple ballistic ‘scatterfree’ model (e.g. Krucker et al. 1999, Haggerty & Roelof 2002, Wang et al. 2006a). However, scattering can influence the arrival time of electrons at the spacecraft (e.g. Lintunen & Vainio 2004, Saiz et al. 2005) making this technique questionable (e.g. Cane 2003) and only capable of providing rough estimates of the solar injection time with possibly large systematic uncertainties. Observations with SO closer to the Sun will greatly reduce the influence of electron scattering, and systematic errors on the estimated injection times are expected to be smaller than 1 minute (Saiz et al. 2005). Furthermore, multi-spacecraft observations with SO and Sentinels will allow us to study the radial dependence of transport effects. 

Despite possible systematic effects in present-day timing studies, observations taken near 1 AU show that there are at least two classes of events: 

· prompt events, where the X-ray emission correlates with the derived solar injection time, and 

· delayed events, where the escaping electrons leave the Sun up to 30 minutes after the start of the X-ray flare (e.g. Krucker et al. 1999, Haggerty & Roelof 2002). 

Some well-observed events suggest that both components, prompt and delayed, may occur in the same event with a prompt particles seen at low energies (<20 keV) and delayed particles at higher energies (Wang et al. 2006a). However, all these results rely on the assumption of scatterfree transport that might not be justified. SO in-situ electron observations in the inner heliosphere will resolve these uncertainties, in particular when combined with STIX information on the timing and location of the X-ray source region at the Sun.

[image: image3.png]TRACE 195A & RHESSI: 01:41:54 UT

34

220 -

240 -+

———————

_______

-

Y (arcsecs)

open magnetic
field line

____________
——————

______
________

-280 |-

________

-300

6380 700 720 740
X (arcsecs)

interchange reconnection cartoon

escaping
electrons

GOES flux Watt m?]

reconnection
region

EUV jet

radio type Ill emission

counts s™'

frequency [MHZz]

o (=]

Py =

- (=]
| E— |

] 25-80 keV

frequency [MHz]

) 27 keV

L >
3 - 12 _3 0.0100 | 40 keV
EUV jet narrow CME = " ‘i 5 1 o6 e
) % i é 0.00101 108 keV
EIT 14:24¢UT ' " ] 1 ey
l.:";H'I{ 0 C2-14:30 UT £ 00001 : y 510 keV

[} 1 2 3 4 — 21|3o | | 22|oo





FIGURE 3: Example of an impulsive electron event and its solar source region composed from various observations of different events. (A): Extrapolated magnetic field lines showing closed field lines in red and open fields in the ecliptic plane in blue and green otherwise. The flare site is marked in yellow (from Wang et al. 2006). (B&C): The various panels show time profiles and spectrograms in soft X-rays from GOES, 25-80 keV hard X-rays from RHESSI, radio spectrograms from Culgoora  (40-200 MHz) and  WIND/WAVES (0.01 to 14 MHz), and  in-situ energetic electrons from 30 to 500 keV detected by WIND/3DP. This event shows a close temporal correlation between non-thermal HXR emission and a radio type III burst (from Krucker et al. 2007). (D) RHESSI image contours at 6 - 12 keV (red: thermal emission) and 20 - 50 keV (blue: non-thermal emission) overlaid on a TRACE 195Å EUV image (dark region corresponds to enhanced emission). Located at around [700,-245] arcsec, the X-ray emission outlines a thermal loop with two presumably non-thermal footpoints .The strongest footpoint source however, is slightly to the southeast, at [683,-257]. EUV observations show a jet [720,-265] that moves away from the flare site possibly outlining open field lines. (E): Cartoon of interchange reconnection between closed and open field lines. Downward moving electrons produce the hard X-ray sources and upward moving electrons escape into interplanetary space. (F) Fast, narrow CMEs are often observed to correlate with impulsive electron events and 3He-rich events (from Pick et al. 2006). SO will provide all these types of observations on a single spacecraft.
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FIGURE 4: Example of a more complex impulsive electron event. From top to bottom, GOES soft X-ray light curves, RHESSI 50-100 keV light curve, and radio spectrograms from 4 GHz to 1 MHz (from Vilmer et al. 2003).
2.2.3 Prompt events

The example shown in Figure 3B&C is a prompt event where the estimated release time of the electrons later seen at 1 AU agrees with the hard X-ray flare peak time within the uncertainties of a few minutes. For prompt events, not only does the timing of the in-situ electrons and the hard X-ray flare agree, but also the spectral shapes of the in-situ observed electron spectrum and hard X-ray photon spectrum are statistically correlated (Figure 5). This strongly suggests that a common accelerator produces both the hard X-ray-emitting electrons and the escaping electrons (Droege 1996, Krucker et al. 2007). However, the observed correlation does not agree with the prediction of the thick-target model (Brown 1971) that would be expected for footpoint emission. This is currently not understood. 

Hard X-ray imaging of the solar source region of prompt events often reveals three sources (Figure 3D). Frequently jets are observed in EUV and soft X-rays that appear to emanate from the hard X-ray sources. This geometry is similar to that of  ‘interchange reconnection’ models (Figure 3D) where closed field lines reconnect with open fields (e.g. Heyvaerts et al. 1977, Shibata et al. 1992, Fisk et al. 1999). The jet indicates the direction of open field lines along which electrons escape (e.g. Aurass et al. 1994, Kundu et al. 1995). Prompt events are well correlated with the occurrence of 3He-rich solar energetic particle events (e.g. Reames et al. 1985). Wang et al. 2006 and Pick et al. 2006 showed that the source regions of 3He rich events are small active regions located near coronal holes and that narrow, fast CMEs and radio type III bursts are seen at the time of the particle release (Figure 3F). This strongly supports the interchange-reconnection model. However, arrival-time studies of ions seen at 1 AU suggest a delayed release of the ions relative to electrons (Wang et al. 2005), at least when assuming ‘scatter-free’ transport. This is rather puzzling as it suggests a different accelerator for electrons and ions despite the closely connected occurrence. However, electrons and ions could still be released simultaneously with propagation effects explaining the observed delays. SO and Sentinels in-situ particle observations in the inner heliosphere will resolve this controversy. 

Combined SO in-situ and imaging observations in X-rays, white light, radio, and EUV together with ground based radio observations (e.g. LOFAR and FASR) will give us the first complete set of observations to study the magnetic structures along which flare-accelerated particles escape into interplanetary space (Figure 3). STIX will play a crucial role by providing an event trigger (time and solar location) and by identifying the loss regions of energetic electrons in the chromosphere.
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Figure 5: Left: Example of an in-situ electron spectrum and a hard X-ray photon spectrum of a prompt impulsive electron event (April 14, 2002). The top curve shows the in-situ electron peak flux spectrum with the pre-event background spectrum subtracted. A broken power-law fit to the data is shown with spectral indices of -1.5 and -3.9, respectively below and above a break around ~40 keV. The X-ray photon spectrum during the peak of the HXR event is shown below where a thermal (red) and a broken power law are fitted to the data. The thermal component with a temperature of ~14 MK dominates below 12 keV, while at higher energies the spectrum is well represented by a broken power law with spectral indices of 2.8 and 3.4 respectively below and above a break energy of ~48 keV. The gray curves give the pre-event and instrumental background. Center and Right: Correlation plot of the photon spectral index  and electron spectral index   above ~50 keV for 16 prompt events (middle) and 16 delayed events (right). A positive correlation is found for the prompt events, but no clear dependence is seen for delayed events (from Krucker et al. 2007).
2.2.4 Delayed events

Despite the aforementioned systematic uncertainties, there are some events that show sufficiently long delay times (>10 minutes) between the peak hard X-ray emission and the calculated electron release times that are difficult to explain by systematic errors alone (Figure 6). Ballistic transport models that neglect effects of scattering could wrongly suggest a delayed release (e.g. Cane 2003), especially for events with short (<10 min) delays. Observations with SO will reveal whether indeed a delayed release or propagation effects are producing the observed delayed onsets. 

The origin of the delayed release times is currently not understood, but two main ideas are being discussed: 

1) The delay could be due to time-extended electron acceleration and/or electron storage at high coronal altitudes during solar flares in combination with a delayed access of these electrons to magnetic field lines open to interplanetary space (e.g. Laitinen et al. 2000, Classen et al. 2003, Maia & Pick 2004, Klein et al. 2005, Aurass et al. 2006).

2) Alternatively the delay could be the result of electron acceleration by coronal shocks that move away from the flare site (Krucker et al. 1999, Haggerty & Roelof 2002, Simnett et al. 2002). The delayed release would be produced by the time that the shock takes to form and to efficiently accelerate electrons (e.g. Mann et al. 1995, Vršnak & Lulić 2000, Warmuth & Mann 2005), and/or by the time it takes for the shock to the reach magnetic field lines that are connected to the observing spacecraft. However, shocks are not very efficient at accelerating electrons especially at higher (~MeV) energies, although some recently proposed models where the shock further accelerates a previously produced population of energetic electrons (shock-reprocessing models) might work (e.g. Selkowitz & Blackman 2007). 

In both cases, the related hard X-ray emissions are expected to be seen after the main hard X-ray bursts. They are likely to be much fainter and to originate from a different location. The much more accurate timing of the expected electron release of better than one minute  (Saiz et al. 2005) provided by SO constrains the time when hard X-ray emissions should be seen, making a search for such weak X-ray emission much easier than with present-day observations. Nevertheless, detection of these faint emissions will be difficult in the presence of the decaying thermal X-ray emissions at these later times. The best chance of detection will be for occulted flares where the main flare emission is not visible. The faint emission related to the delayed release may be seen on the disk or at high altitude above the disk. The locations of the hard X-ray sources will provide important clues to the magnetic field geometry of open and closed field lines.  Spatial and temporal comparisons of these sources with shock signatures seen in radio, EUV, and white light will furthermore directly reveal the role of coronal shocks in the acceleration of delayed electrons.
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Figure 6: Right: Systematic delays between electromagnetic emissions and interplanetary near-relativistic electrons. Left: The left panel shows a representative event in which the onset of >200 keV electrons is delayed with respect to the start of type III radio emission by ~8 min (from Haggerty & Roelof 2002). Right: Histogram of derived delays relative to onset of the flare seen at different wavelengths. .Are these delays due to the acceleration process, or are they controlled by the particle escape onto interplanetary magnetic field lines?  

2.3 Electron acceleration and energy release in solar flares and CMEs
Hard X-ray bursts produced by bremsstrahlung emission of flare-accelerated electrons are the most common signatures of electron acceleration in solar flares, and provide key diagnostics for the acceleration process. Large fluxes of energetic electrons are needed to explain the observed hard X-ray fluxes. In any case, a large fraction of the energy release in solar flares goes into energetic electrons with energies in the tens of keV range. The details of how so many electrons are accelerated on such short time scales are not understood. 

Hard X-ray imaging observations show most prominent emissions from footpoints of flare loops in the chromosphere where the ambient density is high enough to stop flare-accelerated electrons by collisions (e.g. Hoyng et al. 1981). However, fainter, co-temporal hard X-ray sources are also seen in the corona (e.g. Frost & Dennis 1971, Masuda et al. 1994, Veronig & Brown 2004, Battaglia & Benz 2006, Krucker et al. 2007) consistent with electron acceleration in the corona. In particular, RHESSI observations of partially-occulted flares show that at least 90% of all flares have coronal hard X-ray sources (Krucker & Lin 2008). Further evidence for a coronal acceleration region comes from radio observations (e.g. Benz 1985, Aurass et al. 2004, Mann et al. 2006). The details of the transport of electrons from the coronal acceleration site down to the hard X-ray footpoints are still unclear (e.g. Miller et al. 1997, Önel et al. 2007, Battaglia & Benz 2007). It is becoming increasingly clear that propagation of energetic electrons does not follow a simple collisional thick-target scenario, so more sophisticated models of electron transport are required including effects of non-uniform plasma ionization (e.g. Kontar et al. 2003), return current (e.g. Zharkova & Gordovskyy 2006), and beam-plasma interaction via various plasma waves (e.g. Kontar 2001). The deposited energy of the non-thermal electrons heats the chromospheric plasma and the resulting overpressure drives the hot plasma up the legs of the magnetic loops (e.g. Brown 1973) in the process termed chromospheric evaporation.  Hard X-ray observations provide thermal diagnostics of the heated flare loops.

Hard X-ray observations are therefore a crucial key to understand electron acceleration and energy release in solar flares. STIX will provide imaging spectroscopy of these thermal sources allowing temperatures, source locations and sizes, thermal densities, and thermal energy content to be deduced. STIX will determine the size and morphology of non-thermal hard X-ray sources with the highest-ever spatial resolution of 1100 km at 0.22 AU, a good spectral resolution (FWHM ~ 1 keV @ 6 keV to ~15 keV @ 150 keV, compared to ~1 keV for RHESSI), and up to 15 times higher sensitivity than RHESSI (see Section 3.5). Furthermore, STIX will provide complementary information on the localization of X-ray emitting electrons for gamma-rays and neutron observations proposed for SO as part of the EPD instrument suite. Of particular interest will be partially limb-occulted flare observations (Section 3.3.1) and observations of hard X-ray emissions associated with CMEs (Section 3.3.2).

2.3.1 Partially limb-occulted flare observations
Partial limb-occultation will frequently provide view-angles from which purely coronal emission (e.g. Hudson 1978) can be readily seen because the footpoint sources are occulted. This will allow us to study faint coronal sources that otherwise would have been lost in the limited dynamic range ((20) of indirect imaging instruments such as STIX and RHESSI. Coronal hard X-ray emission in the absence of hard X-ray footpoint emissions, but with the thermal flare loop still partially visible, are best studied for flares occurring up to ~20( behind the limb. This suggests that for a single spacecraft about 20% of the observed flares have occulted footpoints with the main flare loop still partially visible above the limb. Figure 7 shows RHESSI observations of partially occulted-limb flares. In at least 90% of all such events, non-thermal coronal emission is observed, most prominently during the rise of the thermal emission (Krucker & Lin 2008). Most often the non-thermal emission is seen close to the thermal loop (Figure 7A1), but occasionally from above the thermal flare loops (Figure 7A2) similar to what was reported for the Masuda flare (Masuda et al. 1994). As electron acceleration is thought to occur in the corona, hard X-ray imaging spectroscopy provides crucial information on the location and spectrum of energetic electrons before they precipitate to the chromosphere. STIX will provide frequent partially limb-occulted observations at very high sensitivity and will be able to see up to 15 weaker coronal emissions than RHESSI. This will allow us to image hard X-ray emission from the corona at the highest-every sensitivity, free from the intense footpoint sources, thus providing unique information about the supra-thermal electrons closest to the site in the corona where their acceleration is believed to occur.

2.3.2 Coronal phenomena in hard X-rays associated with CMEs
The partial occultation of a solar flare by the solar limb is an excellent opportunity for studying faint coronal HXR emissions without competition from the very bright emission of the footpoint sources. For flares occurring >25( behind the solar limb (i.e. occultation height larger than 0.1 of a solar radius), not are only the hard X-ray footpoints occulted, but also the main thermal and non-thermal emissions from the corona. Nevertheless, these highly occulted events also show hard X-ray emission (e.g. Kane et al. 1992) that is associated with fast backside CMEs (Krucker et al. 2007). The emission is faint, but has a rather flat (hard) spectrum (Figure 7B) indicating that the emission is produced by non-thermal bremsstrahlung of energetic electrons. Multi-spacecraft observations reveal that the onset of the emission is simultaneous with the onset of the main hard X-ray emission seen in footpoints (e.g. Kane et al. 1992), but has a much larger source size that expands with time. These sources move rapidly (~1,000 km s-1) upwards (Hudson et al. 2001, Krucker et al. 2007) in the same direction as the associated CME. The high coronal emissions may be produced by flare-accelerated energetic (>10 keV) electrons trapped in magnetic structures related to the CME, or they may be accelerated in CME current sheets or other coronal magnetic restructuring related to the CME. However, the details are not understood. The relative number of non-thermal electrons is observed to be about 10% of the number of thermal electrons in the high coronal source and the pressure exerted by the non-thermal electrons may therefore be comparable to that of the thermal plasma itself. Hence, hard X-ray observations of the high corona provide diagnostics of plasmas dominated by non-thermal electrons giving new insights that will be relevant for other astrophysical plasmas.

High-altitude coronal hard X-ray sources are believed to be a common phenomenon since RHESSI detected them in association with all fast (>1500 km s-1) backside CMEs with flare locations between ~25( and ~50( behind the limb (Krucker et al. 2007). However, present-day observations are only sensitive to high coronal emissions related to large X-class flares. With the 15-times enhanced sensitivity of STIX when near the Sun (see Section 3.5), high coronal emission from backside CMEs related to M-class flares will regularly be detected. 
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Figure 7: Examples of partially limb-occulted observations. The X-ray images, lightcurves, and  spectra are all taken by RHESSI, with additional time profiles from GOES. Thermal emission is shown in red, while non-thermal emission is given in blue. (A): Partially limb-occulted flare observations allow us to study faint hard X-ray emission in the absence of bright hard X-ray footpoint emissions. Two different coronal hard X-ray sources are shown: emission from a loop just slightly above the previously heated flare loop (A1, from Krucker et al. 2007), and emission from clearly above the flare loop (A2). (B): For view angles with occultation larger than 25(, X-ray emissions related to the main flare loops are completely occulted, and non-thermal emissions associated with CMEs can be observed (from Krucker et al. 2007). (C): Non-thermal hard X-ray emission temporally correlated with radio type III bursts originates from an elongated source in the corona suggesting that the electrons escape in the direction of elongation producing thin-target hard X-ray bremsstrahlung. 
2.4 High sensitivity studies 

STIX sensitivity is larger by a factor of ~15 than that of the best present-day solar hard X-ray imaging spectrometer (RHESSI) due to the closer distance to the Sun and reduced background count rates (see Section 3.5). This opens a new window for exploring hard X-ray emission from previously unobservable sources. 
2.4.1 Statistical flare studies (microflares from active regions)
One of the mechanisms proposed to explain the high temperature of the solar corona is the release of magnetic energy through flares (e.g. Parker 1983). Large flares do not provide enough energy (nor do they occur frequently enough), but a larger number of small flares might provide enough energy to heat the solar corona. However, the observed distribution shown in Figure 8 of detected small flares (microflares) from active regions shows a frequency distribution with a power-law index flatter than -2 (e.g. Crosby et al. 1993, Stoiser et al. 2008, Hannah et al. 2008) suggesting that most energy is released in large flares. Therefore, the search for smaller flares with a possibly steeper distribution that possibly contain enough energy to heat the solar corona is of great interest (e.g. Hudson 1991).

The high sensitivity and the continuous coverage of the STIX observations will greatly enhance our knowledge of statistical flare parameters. Compared to RHESSI, STIX will be able to detect flares that are up to 15 times weaker, with non-thermal energy content down to 1025 ergs (Figure 8). About ~70,000 flares are expected to be seen during the SO prime mission (s. Section 3.5) allowing us to carry out a detailed statistical study and to estimate the flare contribution to coronal heating with greater precision than has been previously possible.
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Figure 8: Flare frequency distribution in thermal (top) and non-thermal (bottom) energies from active regions and the quiet Sun (from Hannah et al. 2008). The smallest non-thermal energies derived from STIX observations will be of the order of 1025 ergs making it possible for the first time to search effectively for hard X-ray emission from quiet-Sun coronal ‘heating events’.
2.4.2 Hard X-ray emission from the quiet corona

STIX will extend the flare frequency distribution to the energy range where non-thermal X-ray emissions are seen not only from active regions, but possibly also from the quiet corona. Thermal EUV and soft X-ray emissions from the quiet Sun show flare-like ‘heating events’ (e.g. Krucker et al. 1997, Parnell & Jupp 2000) with energy content up to 1026 ergs (Figure 8). Even with the excellent sensitivity of RHESSI, the hard X-ray counterparts of these heating events in the quiet Sun were not detected, and only an upper limit on the time-averaged quiet corona hard X-ray emission could be derived (Hannah et al. 2007). 
During the closest approach, STIX will be able to detect flares with non-thermal energies down to 1025 erg, i.e. in the energy range of the expected ‘heating events’. The existence of hard X-ray counterparts would strongly suggest that ‘heating events’ are just small versions of flares seen in active regions, while the absence would indicate that ‘heating events’ are produced by a different mechanism, and flare heating by non-thermal electrons might be excluded as a coronal heating mechanism, at least for the quiet corona. This search will be greatly simplified because times of closest approach during prime mission are all near solar minimum when the number of active regions on the solar disk are small or even zero. This makes it possible to observe hard X-ray emission from the quiet corona in an optimal manner, without confusion with the much stronger emissions from active regions.

The RHESSI observations during non-flaring times were also able to set upper limits on the coupling constant for low mass axions (Hannah et al. 2007) comparable to those found by the terrestrial axion detectors at CERN (CAST; Zioutas et al. 2005). Axions are hypothetical weakly-interacting particles (e.g. Weinberg et al. 1978). These particles have been postulated to solve the strong-CP problem in quantum chromodynamics and have a cosmological significance as a dark matter candidate. Solar axions should be produced copiously in the Sun’s core via nuclear reactions, with the average energy calculated to be 4.2 keV (Van Bibber et al. 1989) and with a narrow line around 14 keV (e.g. Moriyama 1995 ). These axions can directly convert to X-ray photons of the same energy in the corona through interactions with magnetic fields perpendicular to their velocity vector. The resulting X-rays produced have distinctive spatial and spectral characteristics (e.g. Hannah et al. 2007).  Because of the fundamental significance of this process, we expect that STIX data will be used in further deep searches for its presence.
2.4.3 Hard X-ray emission of escaping electron beams (thin-target emission)

Electron beams escaping into interplanetary space produce faint hard X-ray emission along their coronal path in the so-called thin-target approximation at a level several orders of magnitude smaller than the main flare emissions. The only chance of observing this emission is in events that are well over the limb such that both the hard X-ray footpoints and the thermal X-ray sources are occulted. Theoretical calculations show that, under extremely favorable condition, RHESSI observations could have enough sensitivity to detect thin-target emission from escaping electrons (Saint-Hilaire et al. 2008). The best case from existing observational evidence is shown in Figure 7C: Hard X-ray emission temporally correlated with radio type III bursts was observed by RHESSI from an elongated hard X-ray source in the corona, possibly outlining the electron escape path. However, the emission is about an order of magnitude too bright for purely thin-target emission from the number of escaping electrons seen near 1 AU by WIND/3DP. STIX will also not be able to regularly observe thin-target emission from escaping electrons, but, under favorable conditions such as a hard electron spectrum and high ambient plasma density, STIX will provide the first clean detections of purely thin-target emission from escaping electron beams.

2.4.4 X-ray emission from electrons accelerated at CME shocks
STIX will also make it possible to search for hard X-ray emission from electron beams accelerated at the CME shocks that produce type II radio bursts. As the density of the emission region of a type II burst is low (<109 cm-3), the related hard X-ray emission is expected to be very faint and only upper limits have been derived so far (Klein et al. 2003). In any case, the detection will only be possible in highly occulted flares. The high sensitivity of STIX down to low energies (~4 keV) together with the large number of partially occulted flares with type II bursts will greatly help to find an event or at least provide more stringent upper limits. Such observations would identify where along the shock electrons are accelerated, and would provide the first quantitative measurements of current unknowns, such as the spectrum and energy content of the electrons associated with radio type II bursts (e.g. Mann & Klassen 2005). Because there have never been hard X-ray observations of these shock fronts, the STIX observations will provide decisive tests for theoretical models (e.g. Cairns et al. 2003)

2.5 Expected number of events

In this section, the expected numbers of hard X-ray flares and impulsive electron events during the SO prime mission (Aug 2015 – Aug 2020) are estimated. Although the SO prime mission is mostly during solar minimum, the unique sensitivity of the SO instruments makes it possible to observe a large number of events (see Table 4).

Although the effective area of STIX (~12 cm2 around 10 keV) is about 4 times smaller than the effective area of RHESSI in the same energy range, the closer distance of SO to the Sun and the reduced background level mean that STIX will be significantly more sensitive than RHESSI in detecting small events. The gain in sensitivity due to the closer distance to the Sun is up to a factor of 20. RHESSI’s lowest background rate in its low-Earth orbit is about 30 counts s-1 in the 3 -15 keV range. The background count rate for the much smaller volume STIX detectors is expected to be dominated by the diffuse X-ray background (e.g. Gruber et al. 1999) that comes through the STIX grids on the detectors. It is estimated to amount to about ~4 counts s-1. Thus, for integration times of flares of 1 minute, a simple 3 event detection with STIX therefore requires about 2.5 times fewer counts for STIX than for RHESSI. The net result is that STIX will have about the same sensitivity as RHESSI at the averaged SO radial distance of 0.7 AU, and at its closest approach will detect events up to 15 times weaker than those detectable RHESSI. 
To estimate the numbers of events that STIX will detect, we use RHESSI X-ray flare occurrence rate from statistical analysis published by Christe et al. 2008, and assume the same solar-cycle dependence. Averaged over the SO 5-year prime mission (August 2015 – August 2020) around solar minimum, we estimate that STIX will record a total of 70,000 flares with imaging information, and that during the 142 days within 0.4 AU around the time of closest approach, it will detect about 2,000 flares. During the extended mission that includes solar maximum activity, the numbers are larger with a total of 200,000 flares and 60,000 flares during the 399 days within 0.4 AU. These numbers are significant larger than the total number of 30,000 RHESSI flares seen over the last 6 years. The imaging information for all flares can be down-linked even with the modest data rate of 200 bits s-1.

The expected number of electron events is much smaller than the number of HXR flares because they can only be seen for magnetically well-connected events; many flares also may not release detectable numbers of electrons into interplanetary space. To estimate the total number of impulsive electron events that will be seen by SO during its prime mission, we use observations made by the WIND 3dp instruments (Lin et al. 1994) over the last solar cycle. The rate of observed events varies with time during the cycle (with averaged rates between ~1 and ~10 events per month), but the same power-law frequency distribution is evident at all times, with an index around -1.4.  For electron observations on SO we expect higher rates for two reasons: (1) higher sensitivity of the solid-state detectors compared to the electrostatic analyzers on WIND below 30 keV, and (2) increased peak flux intensities closer to the Sun. The sensitivity of the SO STE detectors should be similar to or better than the STE detectors on STEREO (Lin et al. 2007) that provide an increase in sensitivity by a factor of 50 compared to WIND/3dp. Assuming an inverse-square radial dependence of the electron flux, the predicted event rates are expected to vary between 16 and 160 per month for SO at its closest approach. The total number of events observed during the SO prime mission can be estimated by using WIND observations taken during the same phase of the solar cycle. In the years 2004-2005 and 1995-1998, WIND/3dp observed 376 events. Using the SO prime mission averaged radial distance of ~0.7 AU, a 5-year total of 2400 detectable impulsive electron events can be expected. During the time of closest approach within 0.4 AU (about 142 days with low activity around solar minimum), about 50 events should be seen. During the extended mission the numbers are larger with 5,000 total events and 1,200 events within 0.4 AU.

2.6 Multi-spacecraft observations: Solar Orbiter and Sentinels
Previously, multi-spacecraft observations with different view angles were only very rarely available (e.g. Kane et al. 1992, Trottet et al. 2003) and often only with poorly cross-calibrated detectors. Combined SO and Sentinels X-ray observations will provide different view angles of flare X-ray emissions for a large sample of events allowing us to study:

· Simultaneous observations of faint coronal and bright footpoint sources (Section 3.6.1.)

· Three-dimensional X-ray source sizes and geometries (Section 3.6.2.)

· Directivity of X-rays and electrons (Section 3.6.3)

Since the Sentinels are expected to be spin-stabilized with the spin axis oriented out of the ecliptic, the STIX X-ray imager will likely be significantly more powerful (larger effective area and better imaging capability) than the X-ray imager on the Sentinels. However, the combination of observations taken from different view angles with well calibrated detectors of similar type covering the same energy range will greatly enhance the STIX science capability. 
2.6.1 Simultaneous observations of faint coronal and bright footpoint sources

While RHESSI observations showed clearly the existence of coronal hard X-ray emissions in most flares, only rarely are simultaneous observations of the hard X-ray coronal and footpoint emissions available (e.g. Sui & Holman 2003, Battaglia & Benz 2006), making the interpretation difficult. Combined SO and Sentinels observations will allow us for the first time to systematically study hard X-ray footpoints and coronal emission at the same time.  About 20% of the observed flares have occulted footpoints with the main flare loop still partially visible above the limb (see Seciton 3.3.1). Thus, for combined SO and Sentinels observations with five spacecraft, we expect that one out of every two flares will have partially occulted emission from at least one spacecraft. As STIX has higher sensitivity and provides better imaging capability than the planned Sentinel X-ray instruments, the best observations will be provided when STIX observes partially occulted emissions while Sentinels sees the entire flare. This will allow us to systematically compare the spatial, spectral, and temporal behavior of coronal hard X-ray relative to the footpoint emissions, and give us unambiguous test of electron acceleration and transport models in flares.

2.6.2  Three-dimensional X-ray source sizes and structures

As flare X-ray sources are often relativity simple, dominated by two hard X-ray footpoints and a soft X-ray thermal loop, the different view-angles will allow us, for the first time, to regularly reconstruct the 3-dimensional X-ray flare geometry and determine the source volumes. This will greatly enhance the accuracy of thermal energy estimates as no assumption about the third dimension is needed. Of particular interested will also be the 3-dimensional reconstruction of X-ray source motion that may be related to the reconnection process in solar flares (e.g. Fletcher & Hudson 2002, Sui & Holman 2003, Veronig et al. 2006). 
2.6.3 Directivity

Multi-spacecraft observations will allow us for the first time to do statistical studies of X-ray directivity, again with well-calibrated detectors of similar type on multiple spacecraft (Figure 9). Bremsstrahlung from even mildly relativistic electrons (<50 keV) is highly directional (e.g. Brown 1972). Solar observations provide the only direct astrophysical measurement of this X-ray directivity, since significantly different view angles are not currently achievable for any other astrophysical objects. Directivity measurements will provide information on the pitch-angle distribution of the hard X-ray-producing electrons (beamed or isotropic) that otherwise can be observed only indirectly. In the current standard flare scenario, electron beams accelerated in the corona which are losing their energy in the chromosphere should produce largely anisotropic fluxes (Figure 9). Using the solar surface as a ‘Compton mirror’, Kontar & Brown (2006), indirectly inferred nearly isotropic distributions, suggesting that the often-used ‘thick target’ model for hard X-ray production (e.g. Brown 1971) might need revision (e.g. Fletcher & Hudson 2008). STIX and Sentinels hard X-ray observations from different view angles will regularly give direct measures of the beaming or the absence of beaming for a large sample of flares and will therefore provide a crucial statistical test for theories of electron accelerations.
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Figure 9: Electron beams penetrating the chromosphere are expected to produce anisotropic emission. The plot shows the relative intensity of the hard X-ray footpoint emission from different view angle with 0( and 90( corresponding to view angles from above (D1) and from the side (D2), respectively (from Brown 1972). 
Table 4. Estimated number of X-ray flares and impulsive electron events that will be detected during different phases of the SO mission.

	
	Prime Mission
	Extended Mission

	
	2015 - 2020
	2020 – 2025

	
	Total
	Within 0.4 AU
	Total
	Within 0.4 AU

	Duration
	5 years
	~142 days
	5 years
	~400 days

	X-ray flares
	70,000
	2,000
	240,000
	60,000

	Electron events
	2,400
	50
	5,000
	1,200


3 Instrument Performance
Table 5: STIX Performance Requirements

	Energy Range
	~4  –  150 keV

	Energy Resolution (FWHM)
	1 keV @ 6 keV to

15 keV @ 150 keV

	Effective area
	12 cm2

	Finest angular resolution
	7 arcsec

	Coarsest angular resolution
	3 arcmin

	Field of view for imaging
	1.5( (FWHM)

	Field of view 
for source location 
	2.5( (>~ full Sun)

	Image placement accuracy
· Imaging mode
· Location mode
	~4 arcsec 

1-3 arcmin

	Time resolution 
(statistics limited)
	≥ 0.1 s


Instrument Technical Description and Design

3.1 Instrument Design Overview

Observationally, the objectives of STIX are to determine the location, spectrum and timing of transient x-ray emission on the Sun at energies that encompass emission from both hot thermal plasmas and bremsstrahlung from energetic electrons.  This is done by imaging the Sun as a function of time and energy, with enough spatial, spectral and temporal resolution that match the sources of interest.  Comparing the resulting images at different energies yields the x-ray spectra of individual features (e.g. footpoints or flaring loops).  Comparing the images as a function of time reveals the temporal behavior of the hot plasma and accelerated electrons.  The data can also be combined to yield spatially-integrated light curves and spectra.  In all cases, the basic element is a photometrically accurate, single image corresponding to a well-defined time and energy interval.

Focusing optics are not feasible for hard x-ray imaging within Solar Orbiter constraints.  Instead, STIX uses a proven, indirect Fourier-imaging technique based on x-ray collimators.  Conceptually, the instrument is made up of three mechanically separate sections: x-ray transparent sunshades, the imager containing front and rear grids, and the spectrometer with the x-ray detectors and electronics.  The imager is comprised of 64 subcollimators, each of which consists of a pair of well-separated x-ray opaque grids located in front of a corresponding single CZT x-ray detector in the spectrometer.  The transmission of each grid pair is very sensitive to the direction of incidence of the x-ray flux, so that the relative count rates of the detectors behind the different subcollimators depend on the location and morphology of the x-rays source.  The spatial information encoded in these relative count rates can be subsequently decoded on the ground to reconstruct an image of the x-ray source.  The individual CZT detector elements associated with the subcollimators do not themselves provide spatial resolution.  Instead, they provide an output pulse proportional to the energy of each detected x-ray photon.   The counts are accumulated as a function of time and energy and then grouped into well-defined time and energy intervals to yield individual images.  By comparing the resulting images as a function of energy, the combined system functions as a high resolution x-ray imaging spectrometer.  Relative pointing information is provided by the spacecraft aspect system.  An internal STIX aspect system intermittently establishes the pointing offset between spacecraft aspect and the x-ray optics.

This collimation technique differs from that used for hard x-ray imaging on RHESSI (Lin et al., 2002) which was a spinning spacecraft used Rotating Modulation Collimators. The technique used by STIX is identical to that used successfully with comparable angular resolution by the HXT instrument (Kosugi et al. 1991) on the 3-axis-stabilized Yohkoh spacecraft.
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Figure 10:  Conceptual sketch of the STIX instrument, made up of three mechanically separate sections:  the sunshades made of x-ray transparent, beryllium multilayer insulation; the imager with widely separated grids and aspect system; and the spectrometer containing CZT detectors and electronics behind a pair of movable attenuators.  A directionally sensitive fraction of the x-rays that enter the instrument on the left are able to pass through both the front and rear grids to be recorded by the CZT detectors on the right. Imaging information is encoded in the relative count rates of the 64 detector elements.  The two moveable attenuators are automatically inserted between the rear grids and the detectors as needed during large flares to prevent excessive count rates from low energy x-rays. The telescope tube is 55 cm long by 18.5 cm in diameter.  A 20x18x16 cm deep box houses the attenuators, detectors and electronics.

3.2 Imager
Expanding on the instrument concept discussed in Section 5.1., the STIX telescope uses a set of 64 subcollimators (Figure 10&11), each of which consists of a pair of widely separated grids.  The grid element associated with each subcollimator consists of a set of alternating equispaced slits and x-ray opaque slats of approximately the same width as the slits.  Discrete x-ray detector elements, located behind each grid pair, measure the arrival time and energy of each x-ray photon (Figure 10).  Imaging information is encoded in the relative count rates of the detector elements, each of which measures a distinct directionally weighted fraction of the incident flux.  The grid parameters are chosen so that the imaging information is provided in the form of spatial Fourier components of the source distribution (visibilities) in analogy with the imaging information provided by antenna pairs in a radio interferometer. 
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Figure 11:  Schematic view of the STIX front grids mounted on the imager tube. The inset shows photographs of representative prototype grid elements fabricated to STIX specifications.

Considering a single subcollimator, the slits in the front and rear have identical pitch and orientation.  As a result, the transmission oscillates in a periodic manner (between ~0 and ~50%) as a function of direction of incidence (in a plane orthogonal to the slits). The period of this variation is given by the ratio of the grid pitch to grid separation.   For a stable instrument platform the x-ray transmission of the grid pair does not vary with time.  Rather it has a value between ~0 and ~50% determined by the directional distribution of the incident x-rays.  The FWHM resolution of a subcollimator is defined as half the period of the angular response, and is given by the ratio of half the grid pitch to the grid separation. The finest grids have a pitch of 38 microns and the separation is 55 cm, giving a FWHM resolution of 7 arcseconds. 

Compared to the STIX configuration described in the Payload Definition Document (Annex 3), the proposed imager is shorter (55 cm vs 90 cm) and larger in diameter (18.5 cm vs 12 cm).  These changes were made to increase the imaging FOV from 38 arcminutes to 1.5 degrees.   Based on RHESSI results to date, the 7 arcsecond angular resolution is still sufficient to resolve almost all footpoint sources even at 1 AU, while providing unprecedented spatial resolution at 0.22 A.U.

To see how STIX obtains measurements of spatial Fourier components of the source distribution, consider two ‘complementary’ subcollimators with identical slit pitch and orientation.  The slits in one of the 4 grids are shifted by ¼ of the pitch so that the periodic spatial responses of the two subcollimators are identical except that their relative direction of peak response is shifted by ¼ of the period – viz. its phase is shifted by 90°.  The count rates from the two complementary subcollimators measure the real and imaginary parts of the Fourier component.  When combined with a measurement of the spatially integrated x-ray flux (from other detectors) and with calibration information, the pair of subcollimators then yields a calibrated measurement of one Fourier component of the source distribution whose spatial frequency is 1/(2 x FWHM resolution).   

Of the 64 subcollimators, 30 complementary pairs are used to measure 30 different Fourier components of the source distribution.   The four remaining subcollimators are used to provide a measurement of the spatially integrated solar flux.  They are also used to determine background counting rates and to assist with on-board source location.  The 30 measured Fourier components are in the form of two orthogonal sets of 15 spatial periods each with logarithmically spaced FWHM resolutions between 7 arcseconds and 8.8 arcminutes.  This provides sensitivity to a wide range of source angular scales.  When SO is at 0.22, AU these angular resolutions correspond to spatial resolutions of 1,100 km to 80,000 km on the Sun (compared to 1,600 km achieved on RHESSI). The lower limit represents the finest spatial resolution achieved to date at hard x-ray energies while the upper limit is still sufficient to provide sensitivity at the largest spatial scales likely to be observed.   

With these parameters the STIX imaging field of view is 1.5 degrees, which is sufficient to image the full sun at 0.37 AU and beyond and 63% of the solar diameter at perihelion.  STIX field of view for location and spectroscopy (2.5 degrees) is considerably larger, however, so that even at perihelion, x-ray events occurring over the remainder of the disk can be analyzed spectroscopically and located to 3 arcminutes.  In all cases, locations (with 1 to 3 arcminutes accuracy) will be available in real time to the spacecraft for optional distribution to other instruments.

Data processing to reconstruct the x-ray images is done on the ground after the fact from the telemetered count rates of the 64 detectors.  Well-established computational techniques (e.g. Fourier inversion, Maximum Entropy, CLEAN, Pixon) are used that have been extensively applied to radio interferometry and subsequently adapted to the analysis of X-ray data from Yohkoh/HXT and RHESSI (e.g. Hurford et al. 2002).  Image quality will be comparable to that obtained with Yohkoh/HXT, but with much better spectral resolution.
The technique used to fabricate the STIX tungsten grids is based on the etch-and-stack process used successfully to make the finer RHESSI grids. They are fabricated by stacking up to 16 sets of etched tungsten sheets to a thickness of 0.4 mm. The required grid pitch values range from 38 microns to 2.8 mm. The grids illustrated in Figure 11 above are fabricated as two sets of 18 x 9 cm (roughly semicircular) segments, each of which contain 32 15x15 mm etched areas corresponding to the grid elements for individual subcollimators.  

Achievement of these grid parameters has been demonstrated by the high-quality RHESSI grids covering a comparable area with finer pitch (34 microns) and greater thickness (1 mm).  Recent NASA-funded Small Business Innovative Research (SBIR) development contracts with Mikro Systems, Inc. have resulted in the ability to etch multiple subcollimator grids with different orientations and pitches on the same tungsten sheet.  Prototype 4x4 arrays of STIX grids have been fabricated in this way with slits in different orientations and with pitches as fine as 20 microns. This capability allows us to avoid the difficult task that was necessary with RHESSI of separately mounting and aligning each front and rear grid element pair. It greatly simplifies the alignment process and ensures that the relative positions of the subcollimator elements remain stable (after allowance for thermal expansion).

The semicircular grid segments shown in Figure 11 are mounted on a tungsten spider that provides mechanical support (Figure 10) and maintains the relative locations of the two grid halves.  The entire grid area thus has the same thermal expansion coefficient.  The spiders, in turn, are mounted on opposite ends of an 18 cm diameter x 55 cm long carbon fiber reinforced plastic (CFRP) metering tube.  The only significant optical alignment requirement is that the relative twist of the front and rear grid assemblies be maintained throughout the mission to 2 arcminutes.  This is done using kinematic mounts between the grids and tube that are designed to accommodate differential thermal expansion without affecting the relative orientation of the front and rear grid assemblies.  (A similar technique was used with RHESSI to achieve alignment tolerances that were 6 times more stringent).  

Note that other mechanical displacements of the imaging tube may affect the placement, but not the morphology of the resulting image.  Provided the relative twist alignment is maintained between the front and rear grids, the quality of the resulting images is optically dependent only on the inherent dimensional stability of the front and rear tungsten grid assemblies.  Independent thermal expansion of the front and rear grid assemblies can be fully compensated during data analysis provided their temperatures are measured to a few degrees centigrade. Temperature gradients across each grid of up to 6º C have no impact on x-ray imaging performance.  As a result, imaging with this technique is exceptionally robust and well suited to the expected SO range of thermal environments.

3.3 Detectors

STIX uses 64 discrete Cadmium-Zinc-Telluride (CZT) planar detectors, one behind each subcollimator, to provide good energy resolution while operating at room temperature. CZT detectors have been flown in space before, most notably on NASA’s SWIFT MIDEX mission, where 32,768 such detectors are used (Gehrels et al. 2004). Each STIX detector has volume of 15x15x3mm, segmented into three zones as follows:  a 9x9mm active area, surrounded by a 1 mm buffer and 2 mm wide guard ring to minimize noise from edge-related leakage current.   The detectors are coupled via a bump bonding technique to front-edge electronics. Figure 12 shows that a ~1cm2 area, 5mm thick CZT detector with guard ring can achieve ~3 keV threshold with ~1 KeV FWHM resolution at ~6 keV at room temperature.  The 3 mm thickness is fully effective at stopping 100 keV photons and retains useful sensitivity (~50% efficiency) at 150 keV (Kim et al. 2003).

 CZT detectors are sensitive to radiation damage, but they have operated successfully on Swift for more than 4 years in a low Earth orbit environment, Furthermore, a study of radiation damage from 30 MeV protons on CZT detectors of comparable dimensions (10x10x2.6 mm). Kuvvetli et al. 2003 showed that up to a fluence of 6x109 p/cm2 the detector remained fully functional but with a gain reduction of 25% and a degradation of resolution.  The STIX detectors will be located in the spacecraft interior, ~1 m behind the outer heat shield, where they can take maximum advantage of inherent spacecraft particle shielding.  A uniform-density model of the spacecraft indicates that for this location, the directionally-averaged shielding is equivalent to about 60 mm of aluminum.  Extrapolating from Table 13 in the Environmental specification indicates that the mission-integrated fluence for this level of shielding would be 3x109 p/cm2 (10 MeV equivalent). This suggests that the resolution and gain of the CZT detectors after the nominal mission fluence is fully satisfactory for STIX to achieve all of its science goals. The expected gradual changes in gain and resolution will be monitored in flight with very weak radioactive sources (totaling ~1 nanocurie) sealed into the attenuators.  This provides a continuous calibration of the detectors’ gain, sensitivity and resolution for use in data analysis.  Independent confirmations of the relative detector responses will be provided by the flare-generated Fe-line complex at 6.7 keV, by the background-generated positron annihilation line at 511 keV, by activation lines from the CZT itself, and by multiflare statistical analysis of the relative response of the detectors. Finally, the issue of radiation damage is expected to be clarified by an ESA-funded study whose results are expected later in 2008, and by the Phase A study of the accommodation of STIX in the spacecraft.

Analog signal processing with ~2 microsecond shaping time will make use of radiation hard ASIC technology, optimized for low noise, and high counting rate capability (up to 105/s).  The detector output will be digitized by an array of 12-bit resolution ADCs mounted on an electrical shielded printed circuit board in the top layer of the electronics box so as to not compromise the intrinsic resolution of the sensor.  The analog output is digitized with 12-bit ADC. The detectors require bias voltages of ~200-500 volts (TBD). 
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Figure 12:  Spectrum of an Am241 and Fe-55 source obtained with a room temperature 1cm2, 5 mm thick CZT detector with a guard ring (~1 na leakage current), illustrating the energy resolution (1.37 keV FWHM at 5.96 keV) and energy threshold ~3.1 keV with 2 microsecond shaping time (P. Luc private communication).
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Figure 13: Sketch of the spectrometer module showing the 64 CZT detector elements.  Attenuators (not shown) are mounted on the spectrometer module above the detectors.

The detectors are mounted in the front of the spectrometer module (Figure 13) that is located 2 cm  behind the imager and separately mounted to the spacecraft.  The separate mounting prevents the spectrometer module from transferring any mechanical stresses to the imager that might otherwise affect the relative twist alignment of the front and rear grids.  The transverse coalignment requirement between the imager and detector/electronics module is modest, at the ±0.5 mm level.  The degree of misalignment of the two modules, if any, can be inferred from the internal self-consistency of flare data, and appropriate corrections can be applied without materially affecting the quality of the resulting images.  The longitudinal alignment  (to ~1mm) is not critical to instrument performance. 

Attenuators

The expected range of incident X-ray fluxes from solar flares is quite extraordinary.  The ratio between the smallest microflare that STIX can detect and the largest expected flare is 105 (corresponds to GOES X-ray class A1 to X10).  The ratio between the fluxes at 4 and 150 keV for a steep flare spectrum can be as high as 107 to 109.  A further factor of 20 must be accommodated because of SO’s varying distance from the Sun.  Although this range is partly ameliorated by the Sun shade (which preferentially absorbs at low energies) and by the intrinsic dynamic range of the detectors (<1 to ~105 counts/s), it is highly desirable to incorporate moveable x-ray attenuators.  Their use enables the counting rate (and the resulting spectral distortion from pulse pile-up) to be limited for large events while still retaining full sensitivity to small events. As a result, the attenuators enable STIX to be responsive to the entire expected dynamic range of x-ray flux, including the factor of 20 due to the 1/r2 variation from the orbit. Such attenuators have proven to be effective and very reliable on RHESSI (Smith et al 2002).  Based on internal (count-rate driven) logic, either or both of two attenuators (thick and thin) are inserted automatically when the count rates exceed preset thresholds.  Each attennuator consists of a thin circular sheet of aluminum, ~0.1 or ~0.4 g/cm2 respectively.  They both have detector-sized holes that are positioned either above or between the active area of the detectors.  The aluminum preferentially absorbs a known fraction of the low energy x-ray flux while having negligible effect at higher X-ray energies.  The insertion mechanism to provide the necessary 1 cm motion for each attenuator is based on a proven design with temperature-sensitive Shape Memory Alloy actuators that was used on RHESSI where 10 cm of motion was requied.
Sun Shade

The Sun shade required by STIX plays two roles.  First, it is a prime element of the thermal control system, reflecting most of the incident radiation, and so limiting the incident optical and IR solar flux that is seen by the instrument. Second, it serves to preferentially absorb the intense flux of low energy x-rays produced during large flares that would otherwise contribute to pulse pileup and live time issues for the detectors.  By using low-Z materials, a thermally effective Sun shade can be used that has acceptable x-ray absorption properties to permit observations down to ~4 keV.  The Sun shade consists of a pair of thin multilayer beryllium/carbon-carbon windows (~ 10 layer in each), at the top and bottom of the spacecraft thermal shield.  The windows will be provided by the instrument team with mechanical interfaces specified by the spacecraft engineers.  The top Sun shade has a central 5 mm diameter circular opening (transmitting 0.54 watts at 0.22 AU) for use by the STIX aspect system, and the bottom shade has a corresponding 35 mm diameter opening.  
3.4 Aspect System

The nominal spacecraft pointing stability is sufficient for STIX to produce images without compromising its 7 arcsecond resolution.  However, absolute placement of such images on the Sun makes use of the post-facto aspect solution and requires knowledge of the offset between the STIX x-ray optical axis the spacecraft aspect system.  This offset will be measured to ~3 arcminutes accuracy during integration, but must be calibrated at the ~4 arcsecond level in flight.  Because of the stability of the thermal environment, only occasional (every few days) cross calibration is required.  This is accomplished with the STIX internal aspect system and does not require any specific spacecraft operations.
To provide this occasional cross calibration, the STIX aspect system has a singlet 3.5 cm diameter plano-convex lens built into the center of the front grid assembly.  This lens is illuminated through circular apertures in the center of both the outer and inner Sun shades (5 mm and 35 mm in diameter respectively). They  limit the admitted direct solar illumination to 0.54 watts or less.  Since the placement of the outer aperture plays no role in the aspect calibration, its placement requirement is only ±2 mm.  The lens focuses an image of the Sun onto the rear grid plane.  Measurement of the location of the optical solar limbs on the rear grid plane then defines the orientation of the STIX imager with respect to the direction to Sun center.  Note that by mounting the aspect elements into the grid planes themselves (the lens in the front and limb sensors rear), the calibration is directly related to the x-ray response an so is independent of the mechanical properties of the metering tube.

Instead of using a set of linear diode arrays (or active pixel sensors) to determine the location of the limbs as used on RHESSI (Lin et al. 2002), a simpler system can be used to provide occasional absolute measurement of the limb locations.  Several small (10 micron and up) circular apertures in the rear grid are arranged in the form of a cross through the center of the rear grid assembly. Behind these apertures, a set of 4 long non-segmented photodiodes records the light passed by the apertures. When a solar limb passes over one of these apertures, there is a stepwise change in the output of the corresponding photodiode.  Post facto correlation of the timing of these steps with the spacecraft aspect system readout at these times establishes the offset between the x-ray axis (as determined by the lens and aperture locations) and the spacecraft aspect.   The cross-calibration is achieved every few days even if there are no deliberate spacecraft pointing maneuvers, since the apparent solar diameter is continually changing due to orbital motion.  If spacecraft offpointing occurs for other reasons, the aspect cross calibration occurs more frequently.  After on-board data selection, this internal aspect system requires an average of ~3 bits per minute of telemetry.
3.5 Instrument Data Processing Unit (IDPU)
The Instrument Data Processing Unit (IDPU) includes memories (ROM and RAM) for data accumulation and software, interfaces to the Payload Data Management Unit, a Housekeeping system, interfaces to other STIX electronics (aspect, supply unit, and detector ASICs), and an autonomous state machine and rotating memory.  Its housing also includes low and high voltage power supplies, and attenuator drivers.

The IDPU unit is responsible for converting the digitized pulse amplitudes of the detectors to a compact form suitable for telemetry.  On the instrument side, the primary data interface is the digitized output from the detector electronics, which provide an 18-bit word for each detected event (12 bits for pulse amplitude and 6 bits for detector identification).  The fine pulse amplitude information is converted to one of 32 logarithmic energy bins (spaced to optimize coverage of the expected steep solar spectra in the energy range of interest) using a programmable lookup table.  Counts as a function of energy and detector ID are accumulated in 32x64=2048 accumulators.  The contents of these accumulators are then transferred to instrument memory 10 times per second along with the live time.  This rotating 128 MByte memory provides transient storage for the accumulated counts with full time and energy resolution for a time interval (~1 hour) that is long compared to most flares.

The following scheme will be used to compress the relatively high data rate from the 64 detectors to fit into the limited SO telemetry volume.  Data count rates are monitored as they accumulate in the memory with a latency of ~1 s to identify flare times, fluxes, and locations. This information is used to generate flare flags for optional use by other SO instruments, and to make decisions on attenuator actuation.  On a timescale of tens of minutes, the rotating memory data for flaring intervals is evaluated to identify the optimum combinations of time and energy binning, using criteria of statistical significance, time and energy-bin continuity, and flare-relevant time and energy scales.  (The selection algorithms will be optimized and tested with real RHESSI x-ray data using a data base that extends over at least ~6 years.)  The STIX data are averaged over each optimized time and energy intervals and the resulting 64 data rates (one for each detector)  for each interval form the basis for a single image.  Since the imaging data are in the form of the relative count rates, the 64 rates are converted to the form of 32 4-bit binary fractions, which along with the average rate and identifying information form the basis for a 40-byte image.  Tests with Yohkoh/HXT flare data have confirmed the effectiveness of this approach with minimal loss in image quality.  

Corresponding sums of detector-averaged data with higher time or higher spectral resolution are generated to provide spatially integrated light curves and spectra for context.  During non-flare intervals, the data are also accumulated for each detector with the full 12-bit energy resolution but with much lower time resolution to provide the basis for monitoring background spectra and detector response. 

On-board flare locations are inferred from count rate ratios calculated from linear combinations of detector rates.  These ratios are used to reference a lookup table (generated on the ground) which accommodates known instrument calibration parameters to generate on-board estimates of flare location (relative to current spacecraft pointing).  Detector-summed high spectral resolution data can also be selected to provide spatially integrated spectra as desired. 
Aspect data handling by the IDPU is conducted by periodically digitizing the output of the four photodiodes, and associating the digitized signal levels with the spacecraft clock.  No on-board aspect interpretation is required.  The cadence for this interrogation is normally ~10 times per hour.  When spacecraft slewing operations are in progress, however, the cadence will be substantially increased.

Although the rate of STIX-generated data will be strongly dependent on solar activity, the data can be metered to the spacecraft memory at a more moderate (TBD) rate.

In addition to these STIX-specific instrument functions, the IDPU provides the normal functions of instrument-level command interpretation and execution, bias voltage level control in response to ground commands or internally generated criteria, attenuator state control, digitizing, monitoring and multiplexing instrument temperature sensor output, etc.
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Figure 14:  Summary of data flow within the IDPU.

The data flow is summarized in Figure 14. Initial accumulation in the 128 MByte rotating memory is done autonomously using an FPGA-based hardware state machine. The same FPGA provides all necessary logic to interface the rotating memory to the main STIX processing unit. The interface is organized in such a way that the data can be accumulated by the state machine, while at the same time being available for access by the IDPU processor.  The SpaceWire RTC (Remote Terminal Controller), currently under ESA development on an ASIC base, is baselined for the core of the digital data processing unit.  It provides 50 MIPS of processing power with an additional 10 MFLOPS floating point unit included.  Since the state machine handles the time-critical tasks, this RTC is more than sufficient to perform the processing tasks mentioned in previous paragraphs. The probability of an SEU error in all memories will be investigated and, if necessary, the error detection and correction  task for the memories will be performed by the EDAC subsystem implemented as a part of the previously mentioned FPGA.  The RTC ASIC interfaces the IDPU to the spacecraft via a SpaceWire link.

3.6 STIX Thermal Control

An important factor determining the STIX thermal control requirements are the two sun shades (windows), opaque in the visible but transparent to X-rays, that are located in front of the imager module at the outer and inner boundaries of the heat shield.  By using low-Z materials (e.g. multilayer beryllium/carbon-carbon) with a combined density of ~0.25 g/cm2, a thermally effective Sun shade can be used which has acceptable x-ray absorption properties to support observations at energies as low as 3.5 keV.   The top Sun shade has a central 5 mm diameter circular opening (transmitting 0.54 watts at 0.22 AU) for use by the STIX aspect system and the bottom shade has a corresponding 35 mm diameter opening over the aspect lens.

Thermal modeling of this configuration (Figure 15) has shown that even with poorly reflecting layers on the outer sunshade, a worst case thermal environment (40C radiative environment at 0.22 A.U.) and non-optimized coatings, the resulting temperatures of 53 C and 48 C are within acceptable limits for the  tungsten grids.  The temperature of the tube (43 C) is also well within acceptable limits for PEEK CFRP.  Therefore only radiative coupling to the spacecraft interior (5.8 watts) is required by the imager module.  The net radiation from the rear grid into the spectrometer is ~0.125 watts, which is small compared to its internal 4 watt power consumption.  However, a hot finger (6 watts max) into the spectrometer module is required to maintain the detectors and electronics below 25 and 30C respectively.

,
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Figure 15:  Results of preliminary thermal modeling of the proposed STIX configuration, based on a 350 C baffle temperature, 40 C interior radiative environment and a spectrometer module fixed at 25 C by a cold finger.

4 Summary of Experiment Interfaces
Mechanical Interfaces

	Outer sunshade to spacecraft
	21.5 cm diameter sunshade at outer surface of spacecraft thermal shield – interface details TBD.  

5 mm diameter circular aperture in the center

	Inner sunshade to spacecraft
	18.5 cm diameter sunshade in front of the imager module, at/near inner surface of thermal shield – interface details TBD.  

35 mm circular aperture in the center.

	Imager module
	18.5 cm diameter, 55 cm long cylinder.  

Mounted to the inner wall of spacecraft with asingle support at midpoint. 
Cylinder axis is parallel to and 11 cm from wall.

	Spectrometer module
	20 x 22 x 18 cm deep, mounted (on 20x18cm side) to inner wall of the spacecraft behind the imager module.

	Warm finger from spectrometer module to spacecraft
	Mechanical Interface TBD

	Harnessing
	Interfaces TBD


Thermal Interfaces

	Heat shield baffle
	Radiatively coupled to sunshades and imager module

	Imager module
	Radiatively coupled to s/c interior, baffle, and sunshades
Negligible conductive coupling
Direct solar input is 0.54 watts maximum

	Spectrometer module
	Cold finger required to maintain detectors and electronics at 25C or less.  

Total internal power dissipation plus radiative input from imager module is less than 6 watts.


Other Interfaces

	Optical
	Sun-pointed, 2.5 degree diameter unobstructed field of view (about STIX optical axis) as measured from the outside of the 5 mm circular aperture at the center of the STIX sun shade.

	X-ray
	Sun-pointed, 2.5 degree diameter unobstructed field of view (about STIX optical axis) as measured from the outside of an 18.5 cm circle centered at the front of the imager.  

Material in this FOV limit to 0.25 g/cm2 maximum.

	Power
	4 watts (unconditioned, CBE exclusive of margin)

	Data
	200 bits/second 

0.1 bits/second to beacon (desirable)

	EMC
	None special

	Operational
	Flare flag and location provided to spacecraft for distribution to other instruments (optional)

Data packet from s/c indicating the start and end of slewing operations.
Desirable: Data packets from EPT (and/or other instruments) indicating time intervals of interest for STIX data selection.


5 Test and Calibration Plan
The approach to STIX test and calibration is that all subsystems are fully qualified at the subsystem level before integration at the next higher level.  Furthermore a characteristic of this type of imager is that its imaging response can be fully calibrated by independent calibration of the detectors and of individual grids and aspect elements.  Except for the relative twist requirement between the front and rear grids, the x-ray performance of the imager depends on 2-dimensional knowledge, not 3-dimensional placement, of the imaging system components.  This enables a considerable simplification of the optical calibration of the system.   Figure 16 provides an overview of the STIX test and calibration sequence.
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Figure 16:  Sequence of pre-deliver STIX test and calibration tasks.   
Since the key alignment requirement is the relative twist of the front and rear grids, the stability of the CFRP imager tube is critical.  This will be verified by fabricating a tube of twice the necessary length and cutting it in half. The twist stability under thermal stress will then be confirmed by rigorous testing of one half while the other will be used for flight.

At the subsystem level, individual grid layers and assembled grid modules are optically characterized using coordinate measuring machines (to 2 micron precision) to establish the orientation of optical fiducials relative to grid slits.  Following procedures and using facilities developed for RHESSI, the x-ray transmission properties of the slits are determined by x-ray measurements at three different energies using the X-ray Grid Characterization Facility (XGCF) at GSFC.  The mass of individual grid layers before and after etching is also noted.  These data can be converted to a set of grid parameters from which the grid transmission and modulation efficiency as a function of energy and incident direction can be determined to an accuracy of ±2% for both individual grids and grid pairs.   Note that the x-ray imaging response of the assembled imager can be fully inferred from the calibration of the individual grids.  Alignment of the grids on the imaging tube is done with reference to the optical fiducials on the grids.  

The effective optical center of the aspect lens is determined with respect to fiducials on its mount, which in turn are located with respect to the optical fiducials on the front grids.  Similarly the locations of the aspect apertures on the rear grids are measured with respect to the previously measured optical fiducials on the grids.  All of these procedures were developed and used successfully on RHESSI.

Using the same x-ray and optical facilities as for the grids, attenuator characteristics are optically verified and their x-ray transmissions as a function of energy and incident angle are measured before integration into the spectrometer.

The response of the detectors and electronics as a function of energy and rate is determined at the detector assembly level using x-ray sources before and after integration into the spectrometer.

Following delivery of the calibrated spectrometer and aligned imager system to ETH, suitably masked x-ray sources are used to perform an end-to-end confirmation of satisfactory performance of the imager/spectrometer combination.

The STIX EGSE will be based on PC/notebook system equipped with interfaces, connectors and power supplies to support the following functions:
a)  full functional testing of STIX IDPU 

b) analysis of instrument housekeeping data with appropriate displays and warning messages and provision for transitioning to a safe mode if necessary.

c) simulation/emulation of the central Solar Orbiter DPU 

d) control & display of CZT detector array performance (IDL, C++)

e) emulation of realistic detector signals to support subsystem testing and simulation of various solar and background conditions 

An optical GSE is used to confirm alignment of the front and rear grids before and after qualification tests.  This GSE is designed to be non-intrusive for use on the standalone imager and on the assembled STIX instrument both before and after integration onto the spacecraft.  Output will be through GSE sensors and through the STIX aspect photodiode response, either measured directly or via the instrument IDPU.

No special spacecraft operations are required for in-flight calibration.  Occasional uploading of instrument-level commands and parameters will be required in response to in-flight performance.

6 System Level Assembly, Integration and Verification

The following STIX model instruments will be fabricate and tested:
1.  A Structural/Thermal Model (STM) which will reproduce the mass and thermal properties and will include windows (sunshades); an imager module with realistic thermal properties but dummy grids; and a spectrometer module with non-working attenuators, dummy detectors, no electronics but the correct internal heat dissipation.

2. The Engineering Model (EM) which will include a spectrometer module that is electrically functional with non-flight components, dummy detectors (capacitors), and loads in place of the attenuator mechanisms.  The imager module will be represented by dummy grids, a nominal tube and non-flight aspect sensors.  Dummy windows will be supplied if requested.

3.  The Engineering Qualification Model (EQM) will be fully functional and flight-like in all respects.  Flight-suitable, calibrated grids will be used and aligned prior to delivery.  Flight-suitable detectors will be used.  Calibrated, moveable attenuators will be included.  Following qualification tests, this model will be refurbished as necessary to become the flight spare.

4.  The Flight Model (FM) is the unit that is expected to be launched. The EQM will become the flight spare following refurbishment.  

The tests that will be applied to each model and module are summarized in Table 6.
When not available at the subsystem developers’ institution, thermal vacuum and vibration testing will be done at commercial aerospace facilities.  Computers required to analyze the test results (where applicable) and electrical GSE will be provided.  X-ray stimulation of the detectors will make use of sealed radioactive sources mounted on mechanical GSE external to the instrument.  A compact optical GSE can be mounted on the mechanical GSE for verification of front/rear grid twist before and after critical tests.

Table 6.  Predelivery Test Matrix
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7 Flight Operations Concept
STIX operations are largely autonomous, insensitive to normal flight operations, and based on preloaded parameter settings. Examples of such parameters include the following:

1. gain-setting parameters (to match gains of the individual detector elements);

2. parameters of the algorithm used to decide when to automatically insert of remove the attenuators;

3. parameters used by the instrument data processor algorithm for the selection of data averaging intervals (e.g. for image selection).  Mode commands from the spacecraft are used to select from preloaded multiple sets of these parameters.  STIX has a great deal of flexibility in the parameterization of its data selection algorithms.  This can be exploited, for example, to adjust the average volume of STIX data to be consistent with available spacecraft telemetry resources, while retaining the capability of continuously monitoring flare activity.

Insertion or removal of attenuators in response to flares is based on internal logic and requires no spacecraft-generated commands.  Energy and aspect calibration requires no spacecraft-generated commands.   

The science output of the STIX instrument would be greatly enhanced by continuous solar observations.  

A scientifically desirable option is to incorporate internal post-facto STIX data selection based on in situ particle fluxes, as conveyed to STIX from the EPT via the spacecraft.

8 Data Reduction, Scientific Analysis, and Archival Support

The level of resources allocated to each activity is summarized in Table 7:
Table 7: Level of resources allocated to the different phases of the programme.
	Phases of the programme
	Resources allocated

	Pre-launch data reduction preparation
	17 FTE

	Support to the SOC
	8 FTE

	Cruise phase and operations phase developments
	9 FTE

	Science analysis
	xxx FTE

	Archival phase
	2 FTE


We discuss first the STIX scientific analysis plan, and then the data reduction plan, as the first leads to the second.

8.1 Scientific Analysis Plan

The resources allocated to science analysis are xxx FTEs. 

The primary science objective of STIX is to determine the locations and spectra of interacting energetic electrons at the Sun though X-ray imaging spectroscopy. This information will be combined with radio observations of the electron emissions as they propagate through the solar corona and with in situ measurements of electrons at the Solar Orbiter spacecraft itself. In this way, the outstanding questions concerning the locations and mechanisms of electron acceleration in flares and CMEs will be addressed without the ambiguity in the long and uncertain transportation paths that have been determined from previous observations made at 1 AU.

The STIX scientific analysis plan is geared to optimally achieving this goal while preserving the flexibility to exploit the full scientific capability of the complete set of STIX observations. Clearly, achieving this primary science objective will require coordinated space and ground-based observations, and collaborative studies of the combined data sets. Consequently, an important aspect of the STIX data analysis plan is to accommodate observations from other instruments and to provide for the joint display and analysis of light curves, images, and spectra taken at other wavelengths.

As described in the instrument section, STIX is an indirect imaging instrument based on the measurement of spatial Fourier components of the image. This profoundly influences the selection of data recording and analysis procedures. There is a long history of using this Fourier technique for X-ray imaging, with the Yohkoh Hard X-ray Telescope (HXT, Kosugi et al. 1991) and RHESSI (Lin et al. 2002) being the most recent examples. We will use the heritage and well-established data analysis methods from these two missions in planning and implementing STIX data analysis. The STIX and HXT principles of operation are identical to one another. For STIX, the basic telemetered information is the relative count rates of individual detector pairs. These rates can be used to give the amplitudes and phases of 30 spatial Fourier components of the X-ray image in given time and energy bins. Several different algorithms have been developed by the Yohkoh and RHESSI teams to reconstruct X-ray images from these Fourier components (e.g., Hurford et al. 2002). In all cases, the quality of the reconstructed images depends critically on accurate knowledge of the sensitivity of each detector as a function of incident X-ray photon energy. This is also important for the determination of accurate photon spectra, especially at low energies where the heat shield and attenuator absorptions become high. Consequently, great care must be taken to ensure that the energy-dependent effective area and the energy calibration of each detector are accurately determined. The latest time-dependent values (including the effects of the appropriate attenuator state and any gradual variations from thermal or other changes) must be utilized in the data analysis procedures. Much of the necessary information for generating accurate detector response matrices comes from prelaunch measurements that form part of the calibration database. This will be augmented with regular in-flight data derived from high-resolution spectra recorded periodically showing the calibration spectral lines of the on-board Am241 radioactive source and the background lines from the activation products of the CZT detectors themselves and the surrounding material. In addition, accurate timing and aspect information must be used to synchronize the light curves and to place the reconstructed X-ray images at the correct locations on the Sun for comparison with information obtained at other wavelengths.

To satisfy all of these multifaceted requirements, the STIX data-analysis software will have the following capabilities:
· Automatically generate a flare catalog and a browsable set of quicklook light curves, spectra, and reconstructed images.

· Automatically generate a set of fully calibrated data products including light curves, images, and spectra.
· Provide full user-friendly data-analysis support for all interested scientists, solar and non-solar, while retaining complete flexibility for experienced X-ray experts.

· Support integrated analysis of STIX results with data from other Solar Orbiter instruments and from instruments on other space missions and at ground-based observatories.

Science Data Products
The primary science data products are measurements of the x-ray flux between ~5 and 150 keV as a function of time, source location, and energy.  These can be interpreted to provide the temperature, emission measure, location, size, density, and time behavior of flaring thermal plasmas, and the energy distribution, intensity, location, spatial extent and timing of non-thermal flare-accelerated electrons.  Comparisons with hard x-ray observations from other spacecraft if available (e.g. Sentinels), can provide additional information on the directivity of the accelerated electrons (by determining the isotropy of the x-ray emission) and, for partially-occulted events, on the specific characteristics of the coronal component of flare plasmas and non-thermal electrons.

These science data products are generated from the telemetry, which contains the count rates of the 64 subcollimators for a set of flare-associated, statistically significant time intervals chosen by the instrument digital processor.  These are converted to spatially and photometrically calibrated images, light curves, spatially integrated spectra, and to spectra associated with individual x-ray source features (such as footpoints or looptop sources).  Interpretation of this imaging spectroscopy data using well-proven spectral inversion techniques yields the plasma and flare parameters outlined above.   

To support database access, a list of observed flares and their characteristic parameters is also generated.  

In addition to these post-analysis data products, on-board, real-time analysis of the detector count rates provides a flare trigger for optional use by other instrumentation.  This flare trigger also includes a flare centroid location (relative to the spacecraft pointing axis) with 1 to 3  arcminutes accuracy for optional use by other imaging instruments and by in situ instrumentation in anticipation of subsequent particle events.

The flare time, intensity and approximate centroid location information can be compressed (to ~0.1 bits/second) for optional inclusion in beacon-mode telemetry, if available, so as to provide close to real-time knowledge on Earth of events visible to SO.  At times, this will include information about events occurring on the back side of the Sun, for example, and otherwise not visible from the Earth. 

8.2 Data Reduction Plan
The data flow between processes necessary to transform the telemetered spatial Fourier components into high-level data products is called the STIX data processing pipeline. It is illustrated in Figure 17.
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Figure 17: STIX Data Processing Pipeline
Once obtained from the ESA MOC/SOC the raw telemetry files will be reformatted into the primary Level-0 database (Data Extraction box in Figure 17). The Level-0 database will include all products necessary to understand STIX data, including the following principal elements: relative count-rate data, time and aspect information, and housekeeping data (such as temperatures, voltages, attenuator states, etc.) Furthermore, the Level-0 database will include simulated data allowing the observations to be compared with predictions of flare models. Simulated data will also be used to conduct prelaunch end-to-end testing of the complete data reduction pipeline.

From the Level-0 database, an automatic procedure called Standard Product Generation (SPG) will generate Level-1 products, which are scientifically usable light curves, images, and spectra, stored in a generic data format such as FITS, using the “final” best available calibration information. Another procedure will generate a summary of the available data and a flare catalog. A third procedure will generate the Quicklook Database, which will contain low-size data products that can be easily displayed on Web browsers, using standard formats such as jpeg or mpeg.

All databases will be made accessible on-line through a Data Access Interface. This service will deliver data in different forms, depending on the needs of the clients:

· A fast and simple access will make the data files available on the Internet via http as soon as they get available, allowing synchronization of databases at other locations, in particular the ESA Solar Orbiter Science Archive (SOSA), Other archives such as the NASA Solar Data Analysis Center (SDAC) or Co-I institutions can also access the data this way;
· A user-friendly web interface will allow data to be retrieved based on parameters such as the observing date and time, or on information in the flare catalog or observing summary; 

· A Virtual Observatory (VO) Interface will guarantee interoperability with the different heliophysics virtual observatories (VxOs).

The data access interface will also connect to an interactive science data analysis package that will allow the data analyst to generate non-standard data products directly from the Level-0 database. Optimized tradeoffs among time resolution, spectral range and resolution, spatial resolution, image quality, etc., will be possible on a case-by-case basis to match the unique characteristics of the event under study and the relevant scientific objective.

The standard product generation will be based on procedures provided by this science data analysis package. Thus, it will correspond to a specific, pre-configured arrangement of procedures of the package. It will run using default parameter values such as image dimensions, pixel size, map center, etc. 

The data processing pipeline to convert STIX raw data into the calibrated and high-level data products will be developed and tested by the instrument team before delivery to the SOSA. A development version of the pipeline and the databases will be deployed by the instrument team at the PI institution for maintenance, testing, and extension. The production pipeline will also be delivered to the SOSA. 

The STIX ground software will significantly exploit our experience in developing the RHESSI data analysis software, which has similar functionalities (Schwartz et al, 2002). However, the STIX software will be simpler, because time and energy intervals will be selected on board. This is in contrast to the case with RHESSI where information about every single detected photon is telemetered, and the user has complete flexibility in dividing up the data. While the software details are different between STIX and RHESSI, we estimate that a significant part of the procedures have already been coded for RHESSI, thus greatly facilitating the development.

The system will be platform independent (Windows, Mac, Linux) and based on widespread technology and programming languages, such as Java and IDL. [xxx Do you want to be more specific here. Otherwise you leave yourself open to any exotic platform or language that anybody might invent.]

8.2.1 Pre-Launch Data Reduction Preparation 

The resources allocated to this phase are 18 FTEs.

This section describes the software development tasks that will be undertaken before launch. A complete and functional data reduction package will be available at the time of instrument delivery. Each task described below corresponds to a box in Figure 17.

Data Selection Algorithm

This consists of an algorithm to identify flare time and energy intervals in order to determine which parts of the data will be telemetered. The algorithm includes:

· Identification of the flare intervals in data stored in a buffer, 

· Identification of the optimal time/energy intervals, and 

· Generation of relative count rates for these intervals. 

The algorithm is developed and tested in IDL, using actual RHESSI flare data and simulated STIX data. It is then translated into the onboard software language.

Data Center Preparation

The data center will ingest the telemetry and all calibration data, use the data extraction tools, and act as a repository and data access interface for all Level-0, Level-1, Quick-look, Calibration, and Catalog data. It will establish and maintain the database for archiving STIX data products. 

The data center will establish or use an ESA provided configuration control system (such a CVS or SVN) repository for all software developed, in accordance to EID-A and ECSS-40a requirements. 

The primary data center for the instrument team will be deployed at the PI institution (ETH Zurich). It will manage the access site for the delivery of all data and Software to the ESA Solar Orbiter Science Archive. It will provide ESA unlimited access to all products as soon as they are available.

Standard Products Generation

Within the data center, the pipeline will generate Level-1 products (images, light curves, and spectra) usable for science analysis. The pipeline uses the same procedures as the science analysis package, thus this task does not include the algorithm development, mentioned below. It does include the development of the scripts necessary for automated pipeline analysis.

Simulations

Simulated STIX telemetry from user-defined flare models will be generated to support software development and testing during the pre-launch phase, and science analysis during the cruise and operations phases. 

The simulations software will be isolated from the rest of the data analysis software to avoid any bias, i.e. it will not use the same routines as the regular data analysis packages. 

Aspect solution software

Software will be written that returns instrument pointing information given a specific time input. This task is implicitly included in the imaging reconstruction procedures and will be done at SSL, Berkeley.  Since we are relying on the spacecraft for relative aspect with only occasional (~weekly) calibrations of the instrument-to-spacecraft offset, it will be a much lighter software task than for RHESSI.

The data analysis software will include all aspect information necessary to interpret the data and to place the images at the correct location on the Sun, starting with either Level-0 or Level-1 data products. 

Utilities

Programming of the data analysis infrastructure and utility programs, including file reading / writing, workflow, internal interfaces, and objects. This will be in close coordination with the development of the imaging, spectroscopy, and imaging spectroscopy programs.

Imaging

Programming of the imaging part, i.e. everything to transform telemetry into image cubes, movies, including image algorithms such as CLEAN, MEM, Pixon, or Forward-Fit (e.g. Hurford et al, 2002). This activity will be closely coordinated with the utilities, spectroscopy, and imaging spectroscopy. 

Spectroscopy

Programming of the spectroscopy part, i.e. everything to transform telemetry into spectra and fit them to relevant thermal and nonthermal functions already available in the RHESSI spectral analysis package, OSPEX. This also includes the generation of light curves.  It will make extensive use of the OSPEX heritage. This activity will be closely coordinated with the utilities, imaging, and imaging spectroscopy.

Imaging Spectroscopy

Programming of the capability to extract from an image cube spectra associated with user-defined regions of the image. 

Multi-instrument aspects

Overlay capabilities of the data analysis software, including overlay of STIX images for different energies and images at other wavelengths from different instruments, and overlay of time-series data (spectrograms). Overlay of spectra is taken care in the Spectroscopy tasks, as it is included in OSPEX. 

Graphical User Interface (GUI)

Programming of the Graphical User Interface on top of the data analysis package. This will be an extension of the current generic GUI plot manager called Plotman, developed for RHESSI. Plotman allows easy integration of instrument-specific functions, and is especially well suited for X-Ray imaging spectrometers.
8.2.2 Support to the SOC

The resources allocated to this phase are 7.5 FTEs. 

The activities of this phase will develop and maintain the instrument data processing equipment to enable near real time assessment of instrument health and performance, and will guarantee EID-A requirements.

In addition to the tasks described below, personnel resources will be allocated for system tests, commissioning or other special events (according to EID-A requirements).

Quicklook generation

Generate images, light curves, spectra, and movies in a format accessible by standard web browsers, movie players, and podcast clients. As for the standard data products generation, this task does not include the development of algorithms used for the generation Level-1 data products, which are developed in the sections on utilities, imaging, and spectroscopy.

Handling of housekeeping, spacecraft and calibration data

Develop, display and integrate STIX housekeeping (HK, or “state-of-health”), spacecraft, and calibration data (e.g. location, aspect, etc.) to support the assessment of instrument health and performance, imaging and comparisons with other instruments. Provide provision for evaluating the calibration data. 

Handling of STIX beacon mode data 

Generation and handling of low resolution, real-time data for space weather activities. Includes developing on-board algorithm and interfacing to Space Weather Center. This will include the approximate location of flares on the Sun with a precision of ???xx arcseconds.
8.2.3 Cruise Phase and Operations Phase

Because of the nature of STIX as a remote sensing instrument, the activities during the Cruise Phase and the Operations Phase will be identical.

The level of resources allocated to this phase will be 8 FTEs.

In support of the SOC, the ground segment software will be periodically upgraded; additions and/or modifications will be applied in response to requests from the SOC. 

The data center will be operated in order to guarantee availability of the newly telemetered STIX data on line within a minimum time of less than 24 hours after receipt at the ground station.

Additions/modifications will be applied in response to requests from the SOC and from the scientists.
8.2.4 Archival Phase

The resources allocated to this phase are 2 FTEs.

The archival phase will make sure that data can be interpreted in the long term, without any assistance from the instrument team. It will be an essential documentation activity. We assume that the long-term mission archiving will be coordinated by ESA. In this context, the STIX software team will provide the resource and the instrument experience to finalize the documentation of the data and the programs, as well as assist ESA in long term archiving activities.

8.3 Managerial Issues

André Csillaghy will be responsible for planning and implementing the complete data analysis program. The Science Lead for the data anlaysis effort will be Astrid Veronig. Gordon Hurford will provide help for image reconstruction issues. A TBD xxx person will prvide help for spectroscopy issues.

The software development effort will be divided into two groups:

· The data reduction group, under the leadership of André Csillaghy, will focus on the database preparations, pipeline development, and support to the SOC.

· The science analysis package group, under the leadership of Astrid Veronig, will focus on the data analysis package development, including the utilities, the imaging and the spectroscopy parts. 
Software responsibilities within both groups for individual tasks will be shared among institutions as listed in Table 8.
Table 8. Responsibilities of the STIX ground software tasks

	Group
	Tasks
	Responsibility

	Data reduction
	Data Selection Algorithm
	Csillaghy

	
	Data center preparation
	Csillaghy

	
	Standard Products Generation
	Gallagher

	
	Simulations
	Fletcher

	
	Aspect solution 
	Hurford

	
	Quicklooks
	Gallagher

	
	HK handling
	Sylwester

	
	Beacon mode
	Gallagher

	Data analysis
	Utilities
	Gallagher

	
	Imaging
	Veronig

	
	Spectroscopy
	Gallagher

	
	Imaging Spectroscopy
	Veronig

	
	Multimission
	Gallagher

	
	GUI
	Veronig


8.4 Programmatic issues

The schedule for the software development is summarized in Table 9. 

Table 9. STIX ground segment schedule

	Date
	Activities 

	2010 – 2013 
	Pre-launch activities

	2013
	Data center functionality and fully functional data analysis package tested and delivered to ESA

	2013 – 2015 
	Upgrades to the data center and analysis package

	2015
	Launch

	2015 – 2018 
	Upgrades to the data center and analysis package, support to the SOC

	2018 
	Data analysis package and data center developments finalized

	2018 – 2021 
	Science analysis, software support to SOC, minor upgrades to the software

	2021 – 2022 
	Documentation and data analysis package finalized


For operations support, national contributions through non-ESA science budgets are planned in all participating countries.

People involved in the ground segment software will meet 4 times a year for several days to mitigate the effects of geographical separation and to ensure a coordinated approach and a unity of purpose. A regular teleconference will be organized weekly during the construction phase, monthly in the subsequent phases.  
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