








84 Service Module and main sub-systems
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Figure 5.2. ESA design. Left: cross-section of Athena inside the launcher fairing. The 12 m focal length is indicated. Right:
view of the spacecraft with the focal plane assembly in the conic section of the fairing (to maximise focal length).

Figure 5.3. ESA design: Athena spacecraft in
deployed configuration (transparent view of the
fixed metering structure). Includes a shear panel
hosting the telescope panels at the joint of the
two tube halves.

5.2 Service Module and main sub-systems

'The Athena service module includes the fixed telescope metering structure and the actual observatory plat-
form subsystems. The inner cylinder of the SVM also hosts the mirror assembly. The fixed metering struc-
ture (FMS) is rigidly connected to the focal plane assembly, hosting the two instruments and a radiation
environment monitor. The spacecraft structural design is built around a standard Ariane 5 payload adaptor,
with a diameter of 2624 mm (PAS 2624 VS): the inner cylinder of the SVM has the same diameter and
serves both as supporting element for the equipment platform as well as a mounting base for the conic me-
tering structure. The MA, with the two x-ray telescopes, is hosted in the inner cylinder and protected by an
external anti-contamination cover.

'The FMS is approximately 11 m long and it is fabricated in two separate sections, using an Al honeycomb
core and carbon fibre reinforced plastic (CFRP) skins. A dedicated venting door is installed on the FMS,
close to the FPA, in order to maximise removal of out-gassing products without introducing any stray-light
into the optical path.
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'The platform subsystems are accommodated on the lateral and bottom panels of the SVM. Thrusters and
solar panels are also connected to the service module (see Figure 5.4).

SERVICE MODULE

Mirror Assembly

Figure 5.4. Left: Service module with telescope outer cover and sun shield in stowed position. Right: Internal view of the
service module showing the mirror assembly in the central cylinder. Solar arrays are shown in stowed position.

'The SVM and FMS elements will be covered by multi-layer insulation (IMLI) in order to minimise the
temperature gradients (Figure 5.5). The thermal analysis indicated that, with a modest heater power, it is
possible to maintain the inner surfaces at a temperature close to ambient, with modest gradients between

the Sun (+X) and the anti-Sun (-X) sides.

Figure 5.5. lllustration
of the Athena spacecraft
in deployed configuration
(ESA design). The mirror
assembly which includes
the two telescopes can
be seen inside the inner
cylinder of the service
module. Elements of the
fixed metering structure
and service module are
protected by multi-layer
insulation in order to
maintain thermal stabil-

ity.

'The electrical power subsystem is based on a 50 V regulated bus and a set of Li-ion batteries, with triple-
junction GaAs solar arrays sized for a total power of ~5 kW. In the ESA design two conventional solar
arrays are attached to the SVM (Figure 5.5). Alternative solar array configurations exist (e.g. single large
solar array acting also as a Sun-shield or part of the total solar array area body-mounted on the FMS). The
configuration of the solar arrays plays also an important function in minimising the disturbance torque
induced by the solar radiation pressure.
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'The baseline Telemetry, Telecommand and Communication (T'T&C) system is based on a well-proven de-
sign and includes two redundant X-band transponders providing up and down-link (~8 Mbit/s), a steerable
high gain antenna (HGA, 0.5 m diameter), two omni-directional low gain antennae (LGA) and a radio-
frequency distribution unit. All normal mode communications take place via the HGA.

The Data Handling System includes a Central Data Management Unit (CDMU) and a Payload Data
Handling Unit (PDHU), both located on the SVM and connected via a space wire link. The onboard mass
memory is sized for 512 Gbit to allow data storage for more than two days of operations without ground
contact.

'The Athena Attitude and Orbit Control Subsystem (AOCS) is based on 4 reaction wheels of large capacity
(68 Nms) and a set of 20 N thrusters (given the modest delta-V and the total spacecraft mass, a solution
based on a mono-propellant system is compatible with the mission needs). The maximum total propellant
mass is of order 400 kg. The wheels ensure fast re-pointing capability (depending on specific design solu-
tions, up to 1 deg/min around the X and Y axis can be achieved) and absorb the torque induced by the solar
radiation pressure. The 20 N thrusters are used for wheel off-loading, launcher dispersion correction, orbit
maintenance and safe-mode recovery. The AOCS sensors include a fully redundant, high precision, single
optical head star tracker, a redundant coarse star tracker and a redundant rate sensor.

'The observatory astrometry requirement of 1.5 arcsec (30, reconstructed a posteriori on ground) is the most
demanding Athena pointing requirement, but it is comparable to that achieved by XMM-Newton. In fact
the absolute pointing error requirement (10 arcsec, 36) does not pose specific problems, while the point-
ing stability requirement is relaxed by the photon counting nature of the focal plane instruments (allowing
a reconstruction of any deviations). The spacecraft is capable of performing a pre-programmed dithering
on selected targets. The astrometry requirement of 1.5 arcsec translates into an absolute measurement er-
ror applicable to the onboard spacecraft performance of 4.5 arcsec (35), since a minimum improvement of
a factor 3 can be achieved by cross-calibrating the onboard data with available star catalogues on ground
(reconstruction of the telescope line of sight knowledge). The proposed AOCS design is close to the per-
formance of recent space science observatories and is compatible with this level of performance without
dedicated development activities.

5.3 Focal plane assembly

'The focal plane assembly accommodates the two focal plane instruments (WFI and XMS), the radiation
environment monitor and their ancillary equipment. The overall approach is to limit the number of units
and the functionality on the FPA to the minimum possible; this is due to the high priority of reducing the
size of the FPA in order to fully exploit the Ariane 5 fairing height and maximise the focal length. The main
design drivers are: (1) adequate volume to accommodate all instrument units while minimising the overall
dimensions; (2) provide adequate interfaces to the FMS; (3) adequate structural resistance to the launch
loads; (4) enough surfaces to accommodate radiators and equipment at different orientations with respect
to the Sun; (5) provide easy access to all equipment units during AI'T.

'The baseline design of the FPA is illustrated in Figure 5.6. The structure is based on a horizontal platform,
connected to the FMS and supporting the instruments. Three vertical shear walls would provide adequate
stiffness and the surface area required to install all the units. The lateral panels are mostly canted to reduce
the envelope size of the assembly and to maximise the focal length. Canting of the panels favours their uti-
lisation as radiators. The proposed design is compliant with all the design drivers and offers margins in case
of additional demands deriving from the thermal control system (e.g. radiator area). The FPA, in addition to
WET and XMS, will also accommodate a radiation environment monitor (typical mass <3 kg, power ~5 W).
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Two dedicated baffles (sized for the respective fields of view) are included in the FMS design in order to
reduce X-ray stray light from impinging on the detector at the focus position. The baffles are also equipped
with magnetic particle diverters, rejecting energetic charged particles (protons above 75 keV and electrons

above 25 keV).

The platform subsystems are accommodated on the lateral and bottom panels of the SVM. Thrusters and
solar panels are also connected to the service module.

Focal plane assembly
design

Figure 5.6. Baseline design of the focal plane assembly (ESA study). The locations of the electronic boxes for both instru-
ments are shown (WFl-blue and XMS-red).

A dedicated thermal analysis was carried out on the FPA (see Figure 5.7) to verify the capability to reject
the heat produced by the XMS cryo-chain and by the electronic units, and to maintain all focal planes at
the required temperature (cooling the detector of the WFI instrument to temperatures below 200 K and to
minimise the temperature of the outer shell of the XIMS cryostat). Specific emphasis was placed on the size
and location of the radiators, on the accommodation of the cryogenic chain required by XMS and on the
sizing of replacement heaters. The analysis showed that the different instrument power dissipations can be
managed within the available volume with margins.

Temperature
30.00
18.75

7.50
-3.75
-15.00
-26.25
-37.50
-48.75
-60.00
-71.25
-82.50
-93.75
-105.00
-116.25
-127.50
-138.75
-150.00

Focal plane assembly

Figure 5.7. Thermal model of the focal
plane assembly design (temperature field).
The colour coding shows the equilibrium
temperatures of various radiator panels
and boxes.

Additional details can be found in the payload section of this document (see Section 4), in particular on the
cryogenic chain required by the XMS. It is important to note that the FPA design can be easily adapted to
alternative configurations of the XIMS cryogenic chain (e.g. solutions based on European units), offering
growth margins in radiator area and accommodation.
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5.4 Mirror assembly

'The mirror assembly considered during the assessment study comprises two telescopes based on SPO tech-
nology. Each telescope comprises about 250 mirror modules, accommodated on a single petal (Figure 5.8).
The approximate size of the petal is 1.8 m x 1.0 m, with an ellipsoidal shape. The telescopes are mounted
onto a dedicated MA structure, which is then interfaced to the central cylinder of the SVM. Both telescope
petals and main structure are fabricated in CFRP. Alternative design solutions based on different materials
(e.g. Ti or Cesic) are available and will be traded during the early part of the definition phase study.

Figure 5.8. The mirror assembly includes the two telescopes and a common supporting structure (yellow elements). Each
telescope comprises approximately 250 mirror modules (green boxes).

In the preliminary ESA design, the petals have a C-shaped CFRP beam as petal surrounding frame without
any aligned webs in the interior web structure, nor spars to stiffen the interior web structure (in order to
preserve the optical layout).

The main MA structure is based on a circular CFRP sandwich, with double “lambda” spokes to support
petals. The MA has a hyper-static support structure /central cylinder interfaces (8 radial points). This design
ensures a direct and stiff attachment to the central cylinder via the lambda beam. The star trackers can be
accommodated in the empty space between the lambda legs.

Light weight, thermal baffles are located in front of the X-ray optics (sky side) and electrical heaters will
be placed on the mirror structure, thus keeping the mirror elements at a temperature close to ambient. The
outer baffle structure protects against X-ray stray light from out of field sources. To improve the rejection
of the stray light to well below other background components, an activity has been started to integrate a
tapered baffle with the front of the silicon plates. Dedicated covers are baselined to protect the X-ray optics
from contamination during AIV, launch and early phase operations (including observatory deployment). A

sun-shield protects the MA from stray-light. Figure 5.8 illustrates the design of the MA.

'The design of the MA has been supported by a number of dedicated thermal and mechanical analyses, aim-
ing to verify compliance with the optics requirements. A detailed finite element model of the MA has been
produced. The following analyses have been performed: (1) thermal analysis demonstrating the capability
to maintain the optics within the required temperature range; (2) modal analysis to show compliance with
the resonance frequency requirements at spacecraft level; (3) stress analysis to size the MA structure; (4)
preliminary image quality analysis, to demonstrate the capability to meet the 10 arcsec angular resolution
at telescope level, assuming nominal performance from the SPO modules and taking into account gravity
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release, thermo-elastic and possible moisture release effects; (5) computation of the telescope effective area

for each MA design.

The MA was designed to maximise the effective area of the telescopes and to fit in the inner cylinder of
the service module. During the assessment study detailed telescope models have been developed in order
to compute the effective area as a function of energy for a given design of the mirror module, of the mirror
petals and of the overall filling factor of the MA configuration. The results (based on conservative assump-
tion and exceeding the nominal science requirement of 1 m* at 1.25 keV') are presented in Figure 5.9.The
constraint of not exceeding 500 MMs was also taken into account to limit the cost of manufacture, ATV
and calibration of the telescopes.
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'The configuration of the MA is also designed to provide a benign thermal environment to the telescope op-
tics: in the case of the SPO, the key requirements to be met relate to the operating temperature and stability.
'The design of the SPO and mounting to the structure has been thermo-mechanically analysed, and the an-
gular resolution budget can accommodate a temperature range of -5°C to +20°C. However to dramatically
simplify calibration and testing, the current design has been implemented for a 20 + 1°C range. The axial
gradient must be below 11K/m and a lateral gradient less than 20K/m. The assessment study demonstrated
that these requirements can be met through a combination of thermal baffles located in front of the optics
and electrical heaters (with a maximum power of less than 1500 W).

K A mirror assembly structure has been designed to exceed the effective area requirements, via
an efficient filling factor. Adequate margins for mechanical and thermal performance have
ATHENA| been demonstrated.

A preliminary image quality budget (Table 5.2) has been constructed in order to demonstrate compliance
with the system level angular resolution of 10 arcsec HEW. Such budgets assume a nominal image quality
performance from the individual mirror modules (~9 arcsec, HEW) and demonstrate that the remaining
allocation is compatible with the design of the MA, when taking into account all possible effects such as
alignment tolerances (both for mirror modules and petals), gravity release, thermoelastic and moisture re-
lease effects. These effects can be revisited to achieve a better observatory angular resolution if, as is antici-
pated, the SPO technology demonstrates sustained improvements in performance towards the 5 arcsec goal.
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Spacecraft resource budgets

System level image quality error budget
(HEWV/3 sigma, on axis at E < 7 keV)

Mirror Module 9.0
Mirror Assembly 3.5
Spacecraft 2.0
Margin 1.6
Total (RSS) 10

Table 5.2. A detailed error budget for all terms that have been considered in arriving to the value of 10 arcsec HEW require-
ment.The performance is overwhelmingly driven by the intrinsic performance of individual modules (9 arcsec). Components like
co-alignment of mirror modules in the structure are relatively easy to achieve with normal mechanical assembly tolerances. If
the anticipated optical module performance improves as a consequence of the development activities that have been identified,

then the second order contributions will be revisited.

5.5 Spacecraft resource budgets

'The mass and power spacecraft resource budgets are reported in Table 5.3 and Table 5.4 (based on the re-

sults of the ESA internal study).

Table 5.3 shows the mass budget compiled for the internal ESA design (focal length = 12 m). This is being

revisited during the industrial studies and no significant mass increase for items such as the longer fixed

metering structure has occurred.
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Module Subsystem / unit BEE DMM Mass | Subtotal
(kg) (%) ko) | (kg) |

MA Optics (MM, F=12 m) 250 10 330

Primary structure 40 20 48

Petals (2 units) 106 20 127

Secondary structure 15 20 18

Thermal baffle (2 units) 100 20 120

TCS HW (including associated harness) 31 20 37

Anti-contamination assembly 25 20 30

Cover 25 30 33

Harness (part is already included in TCS HW) 20 20 24

TOTAL Module 612 na 766 766
SVM EPS 157 15 180

PS 91 8 98

DHS 40 11 45

AOCS 47 10 52

TCS 26 20 31

TT&C 35 10 38

Structure 200 15 230

Telescope Sun-Shield 35 20 42

TSS mechanism (with HDRM) 12 20 14

Harness 42 20 50

TOTAL Module 684 na 781 781
FMS Lower and upper cylinder 345 15 397

Vapour barrier (100 ym) 25 20 30

IF flanges (SVM and FPA) 40 20 48

Intermediate flange 30 20 36

TCS (MLI + sensors) 34 20 41

Venting door/s 10 20 12

Harness 15 20 17

TOTAL Module 499 na 581 581
FPA FPA platform 20 20 24

FPA lateral & shear walls 40 20 48

Sun-Shield 10 30 13

Secondary structure 14 20 17

WEFI radiator (skin+paint) 8 20 9

XMS radiator (skin+OSR/paint) 6 20 7

Electronics radiator (skin+OSR/paint) 8 20 9

Heat pipes (including LHP) 8 20 9

MLI/Paint 22 20 26

Sensors/heaters 5 20 6

Baffle/s 10 20 12

Particle diverters 34 20 41

Secondary PDU 6 15 7

DHU units 6 30 8

SREM 2 20 2

Harness 20 20 24

TOTAL Module 217 na 262 262
FPI WEFI 69 20 83

XMS (including cryo-chain) 341 20 409

TOTAL FPIs 492
S/C Total (W/O System Level Margin) 2883

System Level Margin (30%) 30 865

TOTAL DRY 3747
Propellant [TOTAL propellant 405
TOTAL 4153

Table 5.3. Athena spacecraft mass budget (ESA study, including 30% system level margin).
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The unit or sub-system level mass values listed in Table 5.3 include individual maturity level margins (de-
pending on their design maturity). Similar results have been obtained by two industry contractors, showing
a large system level margin exceeding the required 20% level (on top of the maturity margins).

Module [Subsystem BEE DMM Power | Subtotal
(W) (%) (W) w)

MA Optics TCS (heater) 1200 20 1440

RIU 10 20 12

TOTAL Module 1210 na 1452 1452
SVM EPS 50 20 60

PS 50 20 60

DHS 150 20 180

AOCS 100 20 120

TCS 50 20 60

TT&C 40 20 48

Telescope Sun-Shield 20 20 24

TOTAL Module 460 na 552 552
FMS TCS (heaters) 100 20 120

TOTAL Module 100 na 120 120
FPA TCS (additonal to heaters) 20 20 24

RIU 20 20 24

SpW Router 20 20 24

SREM 20 20 24

TOTAL Module 80 na 96 96
FPI WFI 155.1 25.0 193.9

XMS (including cryo-chain) 804.0 250 1005.0

TOTAL FPIs 1198.9
S/C Total (W/O SLM) 2809.1 3418.9

System level Margin (SLM) 20.0 683.8

EPS & harness losses 210.3

Total (W/ SLM) 4313.0

Correction for fixed SA (30 deg) 0.87
TOTAL 4980.3

Table 5.4. Athena overall spacecraft power budget (ESA study, including 20% system level margin).

5.6 Industrial activities

As part of the reformulation activities, two industry contractors performed a preliminary assessment of
the Arthena concept, verifying its overall feasibility, consolidating the design and producing preliminary
programmatic estimates. These activities were able to significantly benefit from the recent IXO experience,
enabling a fast and accurate response. Both contractors highlighted the significant reduction in complexity
compared to IXO, confirmed the viability of the proposed mission concept and its capability to meet the
performance requirements without the need for any platform related technology development. The available
resource margins and conventional spacecraft design relax significantly the development risks, while, under
the assumption that the implementation phase (B2/C/D) will start by the end of 2015, a launch by 2022 is

considered as feasible with the required schedule contingency allocations.
Figure 5.10 shows the preliminary design put forward by one industry contractor. This is characterised by

body mounted solar arrays, a reduced size service module, and a cylindrical fixed metering structure. A total
wet mass of just below 4 tonnes resulted from this design.
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Figure 5.10. Preliminary Athena design by the first industry contractor.The fixed metering structure has a cylindrical section,
while the solar arrays are body-mounted. The telescope sun shield is supported by a dedicated frame at the bottom of the
central cylinder.

Figure 5.11 illustrates the design by the second industry contractor. Key features are the deployable solar
arrays, a full size service module and a telescope sun shield similar to XMM-Newton. The second industry
contractor estimated a total wet mass of about 4.5 tonnes.

Figure 5.11. Preliminary Athena design by the second contractor. Left: deployed configuration.The fixed metering structure
has a conic section (base), while deployable solar arrays are baselined. Right: stowed configuration in the launcher fairing.

5.7 Potential contributions to Athena from JAXA and NASA

Athena is a European mission, with a few well defined contributions envisioned from JAXA and NASA
to the payload, specifically the XIMS instrument. Each contribution is less than 5% of the total estimated
Cost at Completion. The potential contribution from JAXA is the XMS cryo-chain, which is a re-flight
from ASTRO-H. The Japanese contribution to Athena is currently undergoing an internal mission defini-
tion review within JAXA, with results expected in January 2012. The envisaged contribution from NASA
includes the ADR cooling stage, XIMS detector array and related front-end electronics. In the US, funding
has been awarded by NASA for further development of the TES detectors including the detailed design of
the Athena array and readout. The contributions from JAXA and NASA offer proven technical solutions , at
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an advanced development stage, thanks to the ongoing ASTRO-H work. Nevertheless, European solutions
are also available, and are discussed in Chapter 6.

Figure 5.12 shows the intended NASA contribution to the XIVS instrument (detector array and read-out
multiplexer).
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Figure 5.12. US contribution to XMS. Left: microcalorimeter array and time domain multiplexer used to read out the micro-
calorimeter array. Right: Energy resolution obtained at é keV (courtesy of NASA).The average measured energy resolution is
2.9 eV FWHM.

JAXA intends to contribute to the Athena mission by providing the XMS pre-cooling chain (4STRO-H
flight heritage, see Figure 5.13). Such a contribution is to date the baseline for the XMS instrument design.

Figure 5.13. Left: Engineering model assembly of the ASTRO-H Dewar (courtesy of JAXA). Right: Qualification model for
the 3-stage ADR for ASTRO-H. Only 2 salt pills are visible (courtesy of NASA).
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6 Mission Management

6.1 Technology Readiness

During the L-class reformulation work, the Azbena design selected for study drastically reduces technical
complexity and development risk. Moreover, all recommendations of the past IXO review have been taken
into account, thus removing the large majority of the areas of concern. The main remaining risk areas have
been identified to be:

o timely completion of X-ray optics development;

o the XMS cryogenic chain and focal plane assembly. Mitigation of the remaining risks is discussed
in Section 6.4, see Table 6.4.

'The SPO mirror modules have already demonstrated an angular resolution of 10 arcsec (HEW, nominal
requirement) in representative X-ray tests (full illumination) and further improvements are being imple-
mented to achieve the goal of 5 arcsec (HEW). The mirror module has undergone preliminary environ-
mental testing in 2010 and 2011. The latest vibration tests demonstrated complete compliance with the
Athena Qualification level loads. TRL 5 will be reached before the end of the definition phase activities (A/
B1). Parallel development activities on segmented glass optics are being performed in Europe, thus further
reducing the risk to the project.

For the XMS, the description in section 4.2 is based on the realisation of the instrument based on the
tormer IXO collaboration. Contributions from JAXA and NASA have been included to reduce develop-
ment risks and maximise TRLs, via the strong heritage from ASTRO-H and other projects. The implemen-
tation includes NASA/GSFC provided sensors, read out by Time-Domain-Multiplexing, for which the
necessary performance has already been demonstrated on a 2 x 8 array. The cooling is based on the chain
developed for ASTRO-H and includes a 3-stage ADR cooler as last stage (from 4 K to 50 mK) and a chain
from room temperature to 4 K which includes 2-stage Stirling coolers and two *He JT coolers. European
partners will provide all other subsystems and be in charge of the project management, system engineering
and integration.

A European-only solution for the entire XIMS is also being pursued, with a dedicated technology develop-
ment plan in place. Detector arrays will be produced by SRON, and multiplexing SQUIDs are available
from PTB. The European solution for the cooling is also under development including an ADR/sorption
cooler for the last stage (CEA/Grenoble), and the JT coolers (RAL) and the two-stage Stirling coolers
(Astrium-UK/RAL). These are already at, or very close to, TRL 5. Anticipatying the selection of Athena
the coming spring, the development of an integrated cooling system in Europe is planned to start in the
summer of 2012.

All the platform equipment and subsystems have flight heritage and very high TRL; only the telescope sun-
shield and cover mechanisms are likely to require qualification or modest development activities; these do
not pose any difficulty given a launch by the end of 2022 and the existing heritage (e.g. XMM-Newton). The
relatively benign space environment at the Sun-Earth Lagrangian point 2 (SEL-2) does not require specific
radiation hardening solutions or qualification activities. Manufacturing of a large composite structure, such
as the one requested for the fixed metering structure, has been demonstrated on a number of difterent Eu-
ropean space projects and does not require new development activities or new fabrication facilities.

As a consequence of being able to divide the spacecraft into two separated main elements, all the AIV ac-
tivities are compatible with the existing test facilities, not requiring any large investments.

The Athena development plan takes into consideration the boundary conditions given by the project ap-
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proval process as well as all relevant technical issues. The X-ray optics development technologies will con-
tinue to run throughout 2012. The same applies to the developments related to the European solution for
the XMS instrument.

- last stage cooler performance has been validated.
- pre-cooling stages are running life-time tests.

- ASTRO-H cryo-chain (baseline) is at CDR stage.

- European alternatives are under development.

- 50 mK stage qualification.

- Pre-cooling stage qualification.
XMS cryogenic
chain & focal

plane assembly - Full detector performance already achieved on 8x

multiplexing.
-Further improvements are on-going (Europe & US).

- Focal plane assembly and read-out
with representative number of pixels.

Table 6.1. Critical areas for the Athena-XMS cryogenic chain and focal plane assembly and identified risk mitigation actions.

6.2 Assembly Integration & Verification approach

As part of the assessment study activities a preliminary AIV plan has been produced (Table 6.2), also taking
into consideration the existing heritage from recent science missions, the S/C size and the need to minimise
contamination (especially on the X-ray optics). The development plan is based on the following elements:

o Risk mitigation via technology consolidation activities as described above.

o Additional risk mitigations included in the Definition Phase contract (e.g. telescope structure BB,
mechanisms BB).

o Proto-flight approach, with Structural Thermal Models (STM; with a high level of testing to reduce
risk at S/C level) and electrical test beds / avionics models (verification of electrical interfaces and
software validation).

o Engineering Qualification Model/Qualification Model (EQM/QM) for specific (critical) mission
elements (e.g. telescope structure and mechanisms), requiring qualification at lower level prior to
integration.

o Project plan structure optimised to allow for latest possible delivery of Flight-Model (FM) of X-ray
optics and focal plane instruments (use of STM on the spacecraft Proto-Flight Model, PFM).

o Integrated System Level tests performed on two separate halves of the spacecraft (SVM+MA+ part
of the FMS and FPA + part of the FMS) as carried out for XMM-Newton.
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iggéciz:::ﬁlgez(ructure X X X
Focal plane assembly X X X
Instruments X X X X
Mechanisms X X X
Mirror module X X (FM)

Table 6.2. Athena model philosophy.

X-ray testing of each telescope is possible in existing test facilities (e.g. PANTER/MPE, D). X-ray tests
will allow full characterisation of the optics and verification of the alignment of the mirror module. Thermal
testing of the full S/C is not considered to be necessary (e.g. a combination of testing at Module level and
correlation modelling will suffice). Vibration and acoustic tests can be performed at full S/C level and are

compatible with existing facilities in Europe (e.g. LSS, HYDRA, LEAF).

6.3 Development plan

A reference Athena development plan has been constructed, including both top-down conditions imposed

by the Cosmic Vision process (e.g. down-selection deadlines and launch by the end of 2022) and bottom-up

constraints derived from technical and procurement issues (e.g. instrument procurement, duration of test

activities, time required to produce the X-ray flight optics). Key events to be accounted for are (Table 6.3):
o the L class down-selection (Feb 2012);

o release of the Announcement of Opportunity for the payload (Q4/2012);
o adoption of L1 in Q2/2014;

o completion of the Definition Phase by Q4/14; (5) kick-oft of Implementation Phase by the end of
2015.

The time required to manufacture all the optics elements needed to populate the Azhena X-ray mirrors is
estimated as 3 years and was the subject of a dedicated investigation. If needed, this production time can be
further reduced by working on multiple daily shifts or by including additional production capacity. Another
schedule driver is represented by the procurement time of the instruments, and in particular of the more
complex cryogenic microcalorimeter. Based on the experience of recent cryogenic instruments of similar
complexity, it is estimated that the development of the XMS will take between 6 and 7 years from the re-
lease of the AO (now planned for the end of 2012).

'The reference schedule is summarised below and shows an additional 2 years available for completion of

the technology development activities (from Feb 2012 till final selection for implementation in Q2/2014)
and a total implementation time of about 7 years, thus comparable to that required for Hersche/ and Planck.
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Development plan

Down-selection (Definition Phase) Nov 201 | Feb 2012 3 months
Technology Development activities Feb 2012 Mar 2014 25 months
Consolidation phase July 2012 May 2013 8 months
Instruments AO and selection Nov 2012 June 2013 8 months
Definition Phase (A/BI) June 2013 Dec 2014 I8 months
Adoption of LI Mar 2014 June 2014 3 months
Invitation to tender preparation July 2014 Dec 2014 6 months
Implementation Phase (B2/C/D) Oct 2015 Dec 2021 74 months
System level contingency Jan 2022 June 2022 6 months
Launch campaign July 2022 Sep 2022 3 months
Launch --- Oct 2022 ---

Table 6.3. Nominal development schedule for a launch before the end of 2022.

'The reference development schedule of Athena is shown in Figure 6.1. The project plan takes into account
all boundary conditions and assumes that all technology consolidation and risk mitigation activities are
completed before starting the Implementation Phase (Q4/2015). In this scenario, the Athena launch could
take place before the end of 2022. The overall project schedule risk is considered as acceptable and in line
with missions of comparable complexity. A further consolidation of the schedule is planned during the

consolidation phase in the September 2012 - May 2013 timeframe.
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Figure 6.1. Athena reference project plan.
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6.4 Risk mitigation

'The design of the Athena mission has been driven by the need to minimise cost and development risk. The
minimisation of the overall programme risk has been addressed by enforcing the recommendations pro-
duced during the IXO ESA review (November 2010), by ensuring an adequate level of resource margins, by
scrutinising all design drivers and adopting design solutions which offer maximum flight heritage. It should
be noted that the initial Athena studies have demonstrated full compatibility with the selected launcher
performance and a large level of system margins; the availability of these margins considerably mitigates
the development risk, opening up the possibility of alternative and less mass-effective design solutions. We
turther address in this section the only three remaining potential sources of development risk:

o design complexity of focal plane instruments;
0 international contributions to XIMS;

o development challenges associated with the X-ray optics.

Design complexity of the focal plane instruments

The Arthena model payload includes two instruments (WFI and XIMS). Their design has been simplified
compared to IXO by reducing the number of pixels in each detector array. In the case of XMS, the outer
array has been removed and the firm requirement applicable to energy resolution has been slightly relaxed
(from 2.5 to 3.0 €V) to be compliant with that already achieved in laboratory tests. The WFI is a mature
instrument, based on mature technologies. The revised WFI design allows the reduction of the heat load
demands on the focal plane radiator and the simplification of the instrument accommodation.

The reformulation study has also identified a feasible design for the focal plane assembly, meeting (with
margins) the demands of the two focal plane instruments and in particular the needs of the thermal control
system. The FPA does not include any mechanisms, as the instruments are located at fixed focus locations.
If required, design complexity and development risks associated with the payload can be further mitigated
during the instruments Announcement of Opportunity and selection process by encouraging further design
simplification.

International contributions to Athena-XMS$S

The XMS instrument as described in Section 4.2 contains contributions from JAXA and NASA, providing
the highest TRL currently available. Any uncertainty or delay in the provision of the international elements,
however, represents a risk to the XMS. As specified in Section 6.1, the technology for a fully European
solution for the XMS is available, albeit at slightly lower TRL. The choice between the international and
European solutions for the XMS is therefore a tradeoff between programmatic and technical risk, which
needs to be made by ESA and the member states in the light of discussions with the international partners.
In the case of the European-only XMS solution, risk associated with technology readiness can be mitigated,
as major development activities have already started, without having to wait for international partner com-
mitments. There is extensive experience with cryogenic systems (Herschel, Planck), detectors (SRON, INAF)
and Time-Domain-Multiplexing read-out in Europe (e.g. from SCUBA). Studies by the XIVIS team have
indicated that combining these technologies into a fully working system can meet the required delivery

schedule.

Development and production of the flight X-ray optics

'The silicon pore optics developed in Europe is presently the most advanced X-ray optics technology and
the only one compatible with the requirements and schedule of Azbena. The development of the SPO has
continued to progress over the last two years, reaching TRL 4 and now approaching TRL 5 (see Table 6.4).
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'The SPO approach has already demonstrated, in representative X-ray test conditions,a HEW of 7.5” (dou-
ble reflection from 4 plates) vs. a nominal requirement of 10” (fully populated mirror module). With this
performance all the science goals can be realised. The current state of the art in terms of optics development
therefore already delivers ground-breaking new science. Environmental test activities have successfully tak-
en place, exceeding the qualification level requirements. The issue of the large scale production of the flight
optics has been addressed, including process flow, manufacturing facilities, schedule and cost analysis.

A comprehensive set of technology development activities is planned to continue during the Definition
Phase, so as to further improve the angular resolution and to complete the environmental qualification tests.
By the end of the Definition Phase (A/B1), thus before finalising the details of the observatory design, the
performance and characteristics of the optics will be fully defined, minimising the risk during the Imple-

mentation Phase (B2/C/D).

Based on these elements, the major technical risks associated to the optics development have been retired;
the programmatic risks associated to the production of the flight optics are now much better defined and
specific measures have been taken to reduce their impact by adequate schedule margins and by optimising
the sequence of activities. Finally, the production throughput can be significantly increased by working on
multiple shifts or by adding parallel capacity.

- 10 arcsec HEWV already achieved (smaller size stack).

- Dual stack design adopted as mirror module baseline.

- Successfully passed mechanical vibration tests.

- TDA running to improve the angular resolution.

-TDA running to formally achieve TRL 5 (full
environmental testing).

- TDA planned in 2012 to introduce true Wolter-I design.

- Demonstration of nominal
X-ray optics | angular resolution (< 10 arcsec
development | HEW, goal of < 5 arcsec HEW)
and final flight qualification.

Table 6.4. Critical areas for the development of Athena’s X-ray optics and identified risk mitigation actions.
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7 Science Management Plan

Athena is an ESA mission with contributions from ESA member states, together with potential junior
(<10% of ESA CaC) contributions from NASA and JAXA. This cooperation will build upon previous
successful international collaborations in X-ray astronomy (XMM-Newton, Chandra, ASCA, Suzaku, Bep-
poSAX, ROSAT, ASTRO-H, etc).

During the earliest phase possible of the Definition Phase activities, the ESA management team will work
to secure multilateral agreements and expedite any ITAR and export administration regulation issues. Dur-
ing the Definition Phase, all the agencies will prepare memoranda of understanding or multilateral agree-
ments to define the scope and responsibilities of these agencies.

The overarching responsibility for all aspects of the Azhena mission rests with ESA’s Directorate of Science
and Robotic Exploration and its director (D-SRE). During the development phase, ESA will appoint a
Project Manager, who is responsible for implementing and managing ESA’s activities during this phase. Af-
ter commissioning, the ESA Mission Manager assumes responsibility for operations of the S/C, its payload,

and the Ground Segment (GS).

Various multinational consortia will provide hardware and services to the mission. Some of their roles and
responsibilities will be described in more detail in Section 8. The science instruments will be developed by
multinational Instrument Teams (ITs) selected via an Announcement of Opportunity (AO) that will be
issued during the Definition Phase. The AO will be competitive, in order to ensure the optimal technical
solutions within the limited resources allocated to the payload complement and taking into consideration
both scientific return and induced complexity at system level. The cost of developing the instruments will be
borne by funding agencies in ESA member states with possible participation from non-European partners
as well. After the mission is selected for implementation a Multilateral Agreement (MLA) will be set up
to formalise the responsibilities of all parties involved in Athena and to specify their respective deliverables.
For each instrument, an instrument steering committee will be set up to oversee the timely implementation
of the MLA that will include representatives of the agencies providing the funding for the instrument. For
the data processing and operations aspects the I'Ts will organise a closely related Instrument Team Centre,

ITC (as described more fully in Section 8).

Another consortium potentially funded by member states and selected by AO, would support a telescope
scientist. This team could provide special facilities and staff to carry out specialised mirror calibrations (e.g.
Panter X-ray Test Facility, synchrotron facilities for reflectivity measurements, etc.). The telescope scientist
team would provide advice and oversight to the Azhena Science Team with regard to the critical telescope
developments, as well as executing and supporting calibration testing, and analysing test, alignment and
calibration data in order to populate the calibration databases necessary for science data analysis.

An Athena Science Data Processing Centre (ASDPC) has been conceived to be responsible for ensuring
suitable pipeline processing of the science data to produce standard products for ingestion into the archive.

ESA is responsible for the development, procurement, manufacturing, assembly, integration, test, verifica-
tion and timely delivery of a fully integrated spacecraft capable of accommodating the telescope and the
XMS and WEFT instruments, fulfilling the mission requirements and achieving the mission objectives. ESA
is also responsible for the procurement of the X-ray telescope, via an industrial contract.

ESA executes the development, procurement, integration and verification of the Science Operations Centre
(SOC) and the Mission Operations Centre (MOC). After commissioning, the ESA Mission Manager as-
sumes responsibility for operations of the S/C, its payload, and the Ground Segment, with the exclusion of
the ITCs and ASDPC. The SOC acts as the interface to the user community and as the central node for
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the mission planning, performs an initial quality check and processing of the data and makes the telemetry
available to the remainder of the Science Ground Segment (SGS). The SOC is also responsible for the

development and operations of the Athena archive.

'The Athena Project Scientist (PS) is ESA’s interface with the ITCs and the general scientific community
for all scientific matters. The PS chairs the Azhena Science Team (AST) and coordinates its activities. The
AST oversees the preparations and execution of scientific operations, and endorses distribution of the data
products to the community via the archive.

The AST supports the PS in monitoring the correct implementation of the scientific objectives of the mis-
sion and in maximising its scientific return. The AST acts as a focus for the interest of the scientific com-
munity in Azhena. The AST is formed after selection of the I'Ts through an AO for community scientist
representatives, and remains in place until the end of the active archives phase. The composition of the AST
with respect to PI team leaders and independent community scientists will be agreed with the Advisory
Structure.

Athena operates as an observatory. Most of the observing time is open to the world-wide scientific com-
munity and allocated via annual AOs and scientific peer review. A fraction of the observing time will be
reserved for the scientific consortia mentioned above. The purpose of this so-called Guaranteed Time Ob-
servation (GTO) programme is to ensure a fair return to the scientists that have been involved in the im-
plementation of the mission. It also helps to guarantee that the instrument teams remain actively involved
in the optimisation and calibration of the instruments following their delivery to ESA. The content of the
GTO programme will be finalised at least one year prior to launch and endorsed by the Time Allocation
Committee (TAC) to ensure that it maximises the science return of the mission and also serves the interests
of the scientific community at large. The relative amount of GTO versus GO (Guest Observer) time will
be part of the more detailed elaboration of the Science Management Plan, which will be reviewed by the
Advisory Structure and submitted for approval to SPC before the release of the instruments AO.

'The ownership, access, use, and dissemination of Athena raw and calibrated data and of information, data
and intellectual property produced by the analysis of data shall be governed by the normal ESA policies on
data rights.

'The specific Athena data rights policy will be elaborated to:

0 Deliver to the general scientific community scientific data and results of the highest possible quality
within the shortest possible time.

o Reward the contributions of the ITCs, instrument teams, any other Partner Centres and SOC by
giving its members exclusive access to selected Athena data for a limited period of time, hereafter
the proprietary period.

o Ensure the GOs have exclusive access to their Azhena data for the proprietary period.

The proprietary period extends from the time the data are pipeline processed to acceptable quality (Level 2,
see Section 8) until 12 months after delivery to the data owner.

ESA, the AST and ITCs have the duty to exploit the outreach and educational potential of Athena. They
will develop plans and secure the necessary resources to produce education and outreach material such as
a high quality website, children’s booklets, secondary school material, press releases, popular science-level
material, simulations, audio-visual kits, etc. ESA is responsible for planning and coordinating education and
outreach activities related to 4thena, with support from the AST and ITCs.
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8 Mission Operations
8.1 Mission Phases

Pre-launch

In parallel with the late phase ground-tests and integration of the spacecraft and its payload, pre-launch
simulations will take place in which the full, integrated, Azhena Science Ground Segment (ASGS) (com-
prising the Athena Science Operations Centre, the Instrument Team Centres and the Athena Science Data
Processing Centre, working closely with the Azhena Mission Operations Centre (MOC), exercise their op-
erational systems and teams according to their operational procedures. These simulations need not employ
the real spacecraft or instruments (in that sense they need not be true system end-to-end tests — which of
course should in any case take place as part of the spacecraft and payload integration). They may use re-
corded data from previous ground tests and from actual spacecraft end-to-end tests (e.g. Science Operation
Verification tests, SOV'Ts and System Verification Tests, SV'Ts). But all ASGS systems and teams must be
required to exercise operational procedures as fully as possible pre-launch. To ensure that science operations
teams are fully ready and operational at launch, the first of these pre-flight simulations should take place
at least several months before launch. Observatory end-to-end tests during spacecraft integration are also
exploited to commission ASGS operational procedures and systems pre-launch.

'The ground segment development teams will draw on extensive experience of observatory-class missions at
ESA, following a coherent approach to ensure that a single integrated software system (the Azhena Com-
mon Software System (ACSS)) interfacing smoothly with MOC systems, handles all Science Ground Seg-
ment functions, including Proposal Handling, Mission Planning and Scheduling, and telemetry streaming
and distribution within the ASGS. A single Data Processing (DP) system, integrated into the ACSS, will
support Interactive Analysis (IA) of the data, with the systematic Scientific Data Processing pipeline being
a specific instantiation of IA functionality. This system will support calibration, monitoring, science process-
ing and in-depth analysis requirements for the whole mission. This approach will be initiated early in the
mission development phase, and gradually built up to support tests of increasing complexity, from Instru-
ment Level Tests (ILT) to Integrated System tests. In this way the instrument teams develop ground test
and support software that can be smoothly integrated later into the global operational ASGS (the “smooth
transition” concept). This approach ensures the ASGS software is tailored towards the real needs of the end-
user. Furthermore as the software is repeatedly tested and debugged from the beginning, it is more robust,
while final integration and testing is greatly facilitated compared with the classical development approach.
Additionally the teams will have had ample time for familiarisation with the system during development,
and hence are much better prepared to operate it after launch.

LEOP

The Athena spacecraft will be launched on an Ariane V from the Centre Spatial Guyannais in Kourou.
Control during this phase will be wholly through the MOC for all the launch related activities, and for
the initial deployment of the spacecraft into its operational trajectory. A number of ground stations will be

needed for this phase.

Switch On

Deployment of solar panels and switch on will occur as soon as possible, and initial orbital AV corrections
will be performed, before deployment of doors and solar shields. The cruise phase to L2 via direct injection
will take several weeks, and subject to pointing constraints this whole period can be used for switch-on and
commissioning activities.
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Deployment and Commissioning

Various spacecraft features must be deployed (in TBC order). These include the mirror contamination cover,
instrument doors, sun shield, etc. A key requirement is to ensure that out-gassing is well controlled to
ensure that the mirrors and cold detectors do not become subject to molecular contamination, yet critical
one-oft mechanisms are deployed as soon as possible. Basic health and functionality of the spacecraft sub-
systems are established in this phase, and specific system characterisations and calibrations are performed
(e.g. characterisation of the Attitude and Orbit Control Subsystem). When all these sequences are defined,
the switch on and checkout sequence together with the overall commissioning flow for each instrument will
be arranged. These instrument switch-on operations might occur at daily contact, or under more prolonged
real-time MOC contact. Once the instrument commissioning is completed the instrument performance
verification can be carried out.

Calibration & Performance Verification

Subject to the duration of the outgassing phase and thermal stabilization, the performance verification and
initial instrument and internal calibrations can start before reaching the final L2 orbit. Initial instrument
check-out will be performed, and will be followed by boresight, mirror point spread function and instru-
ment alignment checks. In this phase the characteristics and calibration of the instruments and platform
in flight are initially established. This calibration will be maintained as necessary throughout the Routine
Phase through repetition of a reference subset of calibration observations. By the end of the PV Phase the
bulk of the science observing modes (or at least those governing the bulk of science observations) will be
validated and released for operational use.

Science Mission
'The nominal science mission has been sized for 5 years of operations, allowing the execution of a core GTO
science programme, as well as a general observer science programme solicited by yearly open AOs (see Sec-

tion 8.2).

Extended Mission

Subject to approval and a consumable budget sized for 10 years, the mission can be expected to be operated
beyond the nominal duration. These extensions will be subjected to the usual recommendation and approval
process by the science advisory structure and Science Programme Committee.

Post Operations and legacy mission archive

In this phase the final refinements of the system calibration are achieved in collaboration among the SOC,
the ITCs and the ASDPC, leading to the data processing system and Data Archive being upgraded to their
final status. Continued support is given to the user community in the scientific exploitation of the mission
data. Towards the end of this phase the final (“legacy”) reprocessing of all the mission data is performed us-
ing the ultimate version of the data processing tools and calibration; the explanatory documentation is put
into legacy form. Extraction of “Lessons Learned” and look-ahead to future missions is performed. Note
that the Athena Science Archive will continue to be supported, as part of core ESAC infrastructure, beyond
the end of the Post Operations Phase.

8.2 Operations Concept

Nominally, the satellite carries out science operations throughout the entire Operational Day (OD), in-
terrupted only for occasional maintenance activities such as orbit adjust manoeuvres or unloading of the
momentum accumulated by reaction wheels (Reaction Wheel Biasing). Science observations are performed
whenever possible including during the Daily Telecommunications Period (DTCP). During the DTCP,
however the orientation of the spacecraft may need to be restricted in order to provide sufficient coupling of
the spacecraft and Ground Segment antennae to ensure sufficient communications bandwidth for downlink
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of science data stored on-board. Clearly defining the communications link budget in such a way as to max-

imise the region of sky accessible during the DTCP would significantly benefit the scheduling efficiency.

During nominal routine operations, the operations team at the MOC contacts the spacecraft once per day,
to downlink science data and telemetry accumulated in the mass memory; to uplink the set of telecommand
blocks for the following days, and to perform health and safety checks of the spacecraft and payload. Provi-
sion will be made for longer communication periods when required for exceptional manual, maintenance or
contingency operations.

Commands for upcoming ODs will be uplinked and stored on-board to allow for 48 hours of autonomous
science operations in case subsequent ground station contacts are missed. Routine maintenance activities
such as ranging can be executed in parallel with science operations.

'The mission design will allow the extended uplinked sequences, including the pointing commands, to be
easily and safely overwritten and replaced on-board to accommodate unplanned activities such as the obser-
vation of a Target of Opportunity (ToO). The mission is designed to react in less than 8 hours from the dec-
laration of the ToO to the start of the associated science observations. To contain the ESA costs however,
SOC functions are supported only by on-call manpower at nights as well as during weekends such that this
response is guaranteed during working hours only, and the on-call support will facilitate execution of ToOs
with a slower response at other times. In the periods covered by on-call support the above response time is
a goal. The expected frequency of executed ToOs is less than 2 per month to meet the requirement of 85%
observation efliciency, but subject to scientific priorities could be more frequent. Uplink of the replanned
Mission Timeline for a ToO will be possible for any orientation of the spacecraft within its field of regard.
An antenna would only actually be needed on those occasions when a ToO had actually occurred.

For cost reasons nominal routine operations are carried out by SOC personnel in a single shift (8.5 hrs)
per day, 5 days per week. The Athena flight software has a set of standard operating modes (including nor-
mal pointing, manoeuvre, sun hold, and safe-mode), and a limited number of standard well-defined and
calibrated science observing modes. The telemetry stream will include ~2,500 telemetry points (with safety
limits) for monitoring and trend analysis. These parameters do not present significant drivers for the ground
system and can be met with existing command and telemetry systems. The on-board autonomy concept re-
lies on automated responses to contingency situations such as high levels of solar radiation, in order to place
the instruments into a safe configuration, and to later resume operations efficiently as soon as the alert has
passed. This automated response system has to be flexible enough that it can be adapted to in-flight condi-
tions and optimised as experience is gained with payload operations.

'The observing schedule and subsequent pointing profile of Athena are expected to be similar to those of
XMM-Newton and Chandra, with <1,000 manoeuvres per year (~2 times per day on average) to observe
an average of ~500 astronomical targets per year, two reaction wheel unloads per week, and regular orbit
station-keeping manoeuvres every ~3 weeks (performed during slews). Wheel unloads and station-keeping
manoeuvres are executed only during real-time contacts. Mission planning flexibility will be comparable
with that of XMM-Newton but the Athena observing efficiency will be higher, due to the absence of radia-
tion belt transitions at the L2 orbit.

Athena requires only standard ground-station coverage during launch, activation, cruise, and injection to L2.
'The orbit station-keeping and other L2 orbital characteristics do not in themselves require special coverage
either. Additional contacts will however be possible in order to rapidly resolve serious anomalies, and for

ToO response.
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8.3 Ground Segment and Data flow concepts

8.3.1 Ground Segment concept

The proposed Athena Ground Segment follows the (successful) models of XMM-Newton and Herschel,
consisting of the Athena Mission Operations Centre, the Athena Science Operations Centre, the Athena
Science Data Processing Centre, the Instrument Team Centres, and possibly other centres associated with
any other eventual contributors to the mission. The SOC, ASDPC, I'TCs and any other centres (i.e. Partner

Science Centres, PSCs) together constitute the Athena Science Ground Segment, and together with the
MOC constitute the overall Athena Ground Segment (GS).

As outlined below, the Azhena Ground Segment will be a close collaborative venture involving both ESA
and external, nationally-funded centres. Such an approach ensures the project has access to the wider ex-
pertise and experience of external teams whilst still providing an efficient and cost-effective GS solution.

The MOC.: is responsible for all aspects of the command, control and maintenance of the Spacecraft in

flight, and manages the payload globally. The MOC:

*  monitors and ensures the health of the S/C and payload during the daily DT'CP through the
S/C and instrument housekeeping telemetry, detects S/C or instrument anomalies and triggers
the appropriate recovery procedure and follow-up, in the case of instrument anomalies alerting

the relevant I'TC and the SOC
*  provides the skeleton file into which the SOC plans the scientific observations
* manages the S/C platform
*  maintains the S/C on its orbital station

* receives the timelined instrument command sequences from the SOC, and packages them with
suitable platform operational commands (e.g. pointing, telemetry maintenance, momentum
management etc.) into the mission timeline (M'TL)

* uplinks the MTL through the ground station network to the S/C
* ensures the required ground station coverage

* receives and stores the S/C and instrument housekeeping and science telemetry, and propagates

them to the SOC for onward propagation to the ASDPC and the ITCs, as appropriate.

The SOC: the SOC supplies the core functionality of the SGS and is the first point of contact of the
scientific user community for the mission. The SOC has oversight, and control at the level of overall SGS
coordination, of all ITC and ASDPC activities, and provides the necessary requirements and standards

which ensure a coherent ASGS. The SOC is responsible for:

* issuing and managing calls for observing proposals to the worldwide astronomical community

* providing the proposal handling tools and the operational database for storage and manage-
ment of the submitted observational programmes

*  performing the scientific mission planning and scheduling of the science observations, inter-
facing closely with the ITCs, for example with regard to the specification and timelining of
engineering and calibration observations
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supporting the ITCs and the ASDPC in the calibration activities, especially through the con-
tacts between the SOC instrument scientists and those teams, pursued in the context of the
SOC provision of support to the user community

providing helpdesk support and documentation for users, relying on extensive collaboration
with the I'TCs and ASDPC, so ensuring that all aspects of user support are assured for the user
community

working closely with the ASDPC in their data processing and quality control of the science
data products

providing the Athena Science Archive (ASA)
disseminating the mission data throughout the Science Ground Segment

in collaboration with the ITCs and the ASDPC, testing and validation of new releases of the
ACSS, the overall ASGS operational system.

The Instrument Team Centres: are derived from the consortia that developed each of the science in-
struments and for the telescope science calibrations.

ITCs will be responsible for instrument calibration, performance and safety checks during the mission
operations, and will generally be responsible for the provision of all detailed instrument knowledge and
expertise. These groups are responsible for the successful operation of their respective instruments and each
ITC performs tasks dedicated to their instrument.

In the operations context, the ITCs are responsible for:

in-flight monitoring of instrument performance and for trend analysis and following-up in-
strument operational anomalies reported by MOC, or by SOC or the ASDPC as a result of
their data quality checking

following up data quality anomalies reported from ASDPC or SOC data quality checking,
where these imply instrument anomalies or anomalous behaviour, and general support to the
SOC and ASDPC throughout the mission to decipher poorly understood instrument behav-
iour or data characteristics

generation, verification and maintenance of standard instrument command sequences (mne-
monics / macros / Astronomical Observation Templates (AOTs)) from which flexible com-
manding sequences are constructed elsewhere in the system.

definition of instrument procedures to go into the Instrument Flight Operations Procedures
compilation maintained by the MOC, and similar or related procedures for contingency and
other non-AOT type (manual) commanding of the instrument

maintenance of the instrument on-board software which has been generated and validated by
the instrument teams pre-flight.

provision of instrument simulators for inclusion into the satellite simulator

provision and maintenance of ground-based hardware, through the in-flight operations period,
sufficiently representative of the payload instrument to allow command sequences and instru-
ment procedures to be tested and debugged
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*  joining with the rest of the SGS in all pre-flight simulations and SGS integration

+  while the ASDPC and ESAC cooperate to develop the Data Processing (DP) shell, the ITCs
develop and deliver reduction algorithms and code requiring instrument specific knowledge,
including algorithms and code for instrument calibration and provision/definition of data
analysis scripts, where these are needed for routine science data analysis and require detailed
instrument expertise for their definition.

+ assisting SOC in supporting the user community in those cases where in-depth instrument

expertise beyond SOC capabilities is required

* instrument testing, validation, characterisation and calibration, including definition of instru-
ment tests to be performed in the in-flight Checkout, Commissioning and Performance Veri-
fication Phases

* supporting the scientific validation of science observing modes (AOTs), and when necessary
supporting the development post-launch of new or modified AOTs

*  provision of instrument observation-time estimators: (these are tools to calculate S:N versus
observation time and vice-versa, for use in proposal preparation as well as preparation of cali-
brations and any other observations/measurements

*  production of instrument and software user manuals, and inputs for the observers manuals and
for all instrument specific user support documentation. In particular, the ITC will review and
tormally endorse instrument manuals issued in support of the calls for observing proposals

*  scientific exploitation: the I'TCs play a central role in helping their instrument consortia to
process and scientifically exploit their guaranteed time data, and thereby maximise the scientific
return from the mission

* joining the SOC and the ASDPC in the testing and validation of new releases of the ACSS.

The Athena Science Data Processing Centre: is responsible for ensuring suitable pipeline processing
of the science data to produce standard products for ingestion into the ASA.

'The provision of data analysis software and pipeline processing functions has in previous missions been
provided by the SOC, by PI teams or by a combination of them. Either approach is viable for Azhena in a
distributed effort. A PI-funded effort is particularly attractive if it leverages and adds value to member state
contributions on instruments and leverages the cost of the ESA CaC component of the SOC. For now we

describe the functionality as if provided by PI teams. In that context the ASDPC:

 starting well before launch, leads science Data Processing software development, including the
data processing pipeline systems development, requiring close collaboration with the ITC:s, the
SOC and any PSCs that may exist before launch

*  works with the ITCs to develop the tools for specialised processing for trend analysis and cali-
bration

* performs all post-launch routine data processing and re-processing, including all necessary
calibrations, applying algorithms developed by the ITCs, or in collaboration with the ITCs,
SOC and PSCs
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* performs quick-look product generation and is supported by the SOC and the ITC:s in the
quality control of the science data

*  performs data processing for systematic trend analysis

*  produces of valued-added archives, catalogues, surveys

* leads the data processing software maintenance task

*  works with the SOC, the ITCs and the PSCs in the instrument calibration activities

*  works with the SOC, the ITCs and the PSCs to provide support to the Athena user commu-
nity related to data processing software, data quality, data characteristics and science analysis
software issues

* feeds the data products to the ASA at the SOC

*  in collaboration with the SOC and the ITCs, contributes to the testing and validation of new
releases of the ACSS, the overall ASGS operational system.

Partner Science Centres: are centres established by partner organisations who might contribute to the
mission, especially the national agencies of contributing non-member states. Where established by such
partner agencies, they may be regional or local centres offering enhanced or targeted support to the partner
agencies’ local user community. They may supply a subset of the services addressed by the SOC, focusing on
user support, and contributions to data analysis techniques and support to instrument calibration.

'They join the SOC, the ASDPC and the I'TCs in the testing and validation of new releases of the ACSS.

8.3.2 Data flow concept

All science data are systematically archived and made available to the general astronomical community after
a proprietary period has elapsed. A Data Processing Pipeline will populate the ASA with scientific data
products that have a quality suitable for analysis and publication by scientists who do not have a detailed
knowledge of the mission and to support systematic scientific data analysis over large samples of data.

The processing pipeline is implemented as one realisation of the data reduction processes and functional-
ity available within the more powerful and comprehensive Interactive (Data) Analysis (IA) system. The IA
system will also be made available to the general user community, to support refined analysis of user-selected
data sets. In this way the general user will be able to reproduce and extend the pipeline data reduction per-

formed by the ASDPC and SOC.

The final mission products will be derived during the Post-operational Phases and will consist of: the raw
data, the “legacy” data analysis software tools, the output of a final systematic bulk reprocessing of all data
performed with the best possible set of algorithms and calibrations, the calibration files and a range of sup-
porting documentation and manuals.

The Athena data flow is described in the following sections, starting from the capture of a user’s proposal, up
to the ingestion of the data into the archive.

Proposal Handling
'The SOC will manage the calls for proposals, including any coordination between international agencies. A
two-phase approach will be used, in which an annual global and science-driven proposal call is made first,
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supported by the SOC user support group. A large over-subscription factor is expected, whereby the amount
of requested observing time greatly exceeds the time available. A Time Allocation Committee (TAC) peer
reviews all the proposals, selects those which are best motivated scientifically and arranges them in a ranked
order list of potential observations, including a sufficient set of high quality proposals to act as gap fillers in
case of eventual planning constraints and to increase operational efficiency. The time allocation committee
will be appointed and renewed by the Director of Science and Robotic Exploration upon a proposal by the
Astronomy Working Group for an initial period of 2 years (TBC). The TAC review process will be sup-
ported by the SOC user support group. In the second phase the accepted observations will be technically
optimised jointly by the SOC and proposer before being released for scheduling and execution.

Observation Sequence Generation

Each observation is expanded into a timed sequence of activities necessary to configure the instrument for
the planned observation (e.g. filter selection, data rates), to execute the observation for the specified duration
and perform any associated calibration if r equired. The observation is included into the long-term mission
planning schedule in a time slot that complies with the target visibility constraints, and the duration of the
observation. The planning constraints are significantly less than for XMM-Newton, due to the absence of
perigee passes, radiation belts and ground station hand-over. Furthermore at L2 with the anticipated solar
constraints, 30% of the sky is observable at any time which considerably enhances the scheduling flexibility.
When the time comes the observation is inserted into the daily planning schedule where other activities
such as cryogenic recharge sequences, slewing, DTCP, etc, are also accommodated. The planning software
is designed to optimise the efficiency of operations, while respecting the scientific priorities of the observa-
tions. “Soft” scientific constraints such as the requirement to observe at a specific phase or simultaneously
with another facility are also considered at this point. The daily schedule with detailed instrument command
sequences is then sent to the MOC which merges it with the expanded instrument telecommands and adds
the telecommands to other spacecraft systems that are required to support the observations. During the
DTCP, MOC uplinks the resulting mission timeline to the spacecraft where it is stored on-board, waiting
for execution at the specified time.

k? 'The Athena science data model will follow from well-established principles developed for

' J| XMM-Newton, and successfully expanded for L2 observatories such as Herschel.
ATHENA

Payload Monitoring

Payload monitoring is performed during the daily DTCP as soon as the data are received on ground. Au-
tomatic monitoring of instrument housekeeping telemetry at MOC will detect instrument anomalies (e.g.
parameter out-of-limits, and triggers the appropriate recovery procedure and follow-up by the ITCs. As
part of the pipeline processing, science data products are also checked automatically for more subtle anoma-
lies to verify the overall quality of the observation and the suitability of the data for scientific exploitation.
Payload performance monitoring, calibration and trend analysis are also performed at the ITCs.

Payload Calibration

Payload calibration by the ITCs relies on theoretical and/or empirical performance models of their in-
strument components which are validated against the real instrument during ground test and calibration
campaigns, and further refined in orbit. Final pre-launch ground calibration is performed in configurations
as close as possible to those used in flight. While the I'TCs will maintain the most detailed knowledge base
of the science payload, the SOC is actively involved in ground calibrations through extensive pre-flight co-
location of at least one dedicated SOC expert per instrument. This ensures that the SOC builds up legacy
knowledge in preparation for the in-flight campaigns and calls for proposals and the associated user support.
The SOC also archives all data acquired during ground test and calibration. The SOC, in cooperation with
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the ASDPC, is responsible for specifying the requirements on the data products and their formats to ensure
compatibility with system-level calibration products and models. It also carries out reviews of the telescope
and instrument calibration activities, including the development of instrument models. With the support
of telescope and instrument teams, the SOC plans, executes and archives the data from in-flight calibration
and performance verification observations. The SOC works in close collaboration with the MOC to ensure
that all aspects of the system calibration including Attitute and Orbit Control System (AOCS) and the
on-board system clock calibrations are properly executed to meet the scientific requirements of the mis-
sion. While the ITCs will determine which calibrations are needed for the instruments, calibration-related
activities by the SOC will include calibration observation scheduling (within the context of overall scientific
scheduling), calibration source database maintenance, optical bench metrology, boresight refinement and
cross-correlation with catalogues. In addition, the SOC fosters and coordinates instrument cross-calibra-
tion activities with other missions which are fundamental to optimising the calibration.

Instrument On-board Software

For each instrument, on-board software carries out similar functions: spacecraft command and data inter-
facing, gathering housekeeping data, instrument control and configuration, data acquisition and compres-
sion, as well as instrument-specific data processing. There is considerable flight heritage for both instru-
ments, and a substantial fraction of existing software can be reused or easily adapted. Instrument software
images are developed, validated and maintained by the I'TCs, and further verified by the SOC on delivery,
for forwarding to the MOC. A spacecraft simulator is developed by industry while instrument simulators
are developed by the I'TCs in well-specified common software environments. The combined spacecraft plus
instrument simulator is used by MOC and SOC to validate software images received from the I'TCs as well
as flight control procedures.

Data Analysis Software

Development of the data processing and analysis software is a joint effort by a dedicated ASDPC, and
the SOC, with additional participation by the I'TCs. This approach optimises the distribution of expertise,
where the SOC coordinates infrastructure elements while ensuring that DP developments benefit fully
from ASDPC expertise and up-to-date knowledge of analysis requirements. The ASDPC will be responsi-
ble for the internal configuration control processes and procedures for the DP development, but the SOC
will provide central configuration control processes and procedures for the science ground system overall
(that is, for the ACSS). To minimise development cost and ensure maximum consistency, it is important
that a single data analysis system provides both the pipeline automated data reduction functionality as well
as fulfilling the interactive data analysis role. The pipeline employs a subset of the applications available in
the interactive analysis toolbox.

Observation data files are compiled from decommutated instrument telemetry, spacecraft flight dynam-
ics data, and other ancillary data. As indicated above, the DP software will be configured to systematically
pipeline process all data, support a first level of quality control and populate the ASA with data products
that are ready to use by the scientific community.

'The following preliminary definitions indicate the generic processing levels applied by the pipeline process-
ing for delivery to the general observer:

* Level 0: Raw spacecraft telemetry is decommutated and split into functionally independent
parallel streams formatted as binary FITS files;

* Level 1: Applies the aspect correction to locate photons to sky coordinates. Applies instru-
ment-specific calibration such as detector gain, and good time interval selection is applied, to
produce calibrated photon event lists;
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* Level 2: Data from multiple observation intervals that constitute an observation are combined
to create merged event files, images, and other observation-level data products. Images are gen-
erated for both instruments, spatial/spectral data cubes are generated for XMS observations,
and photon lists for WFI high time resolution exposures. Standard pipeline data analysis tools
are applied to extract per-observation source and spectral properties such as source position and
basic properties, source spectra and lines, temporal variability. Products include postage-stamp
images, spectral line lists, and tables of properties.

* Level 3: Combines Level 2 properties to produce catalogues and mosaics.

'The data products delivered to Guest Observers will comprise Level 2 products. The SOC and ASDP will
ensure a timely delivery of pipeline processed observation data, the best existing calibration data as well as
the original instrument, spacecraft and ancillary data in suitable (e.g. FITS) format.

Archive

'The Athena Science Archive will utilise extensive ESAC experience in archive construction for ESA’s sci-
ence missions, will be VO-compatible, and will ensure access to all the data obtained during the mission. It
will be provided by the ESAC Science Archives Team. The SOC will have the responsibility of guaranteeing
core data access, and providing integrity, security and the appropriate level of content control and standards.
As soon as data products have passed quality control during systematic processing at the ASDPC (typically
within 48 hours of observation), the data will be available to the observer in the ASA, and after a proprietary
period (usually 12 months) will be freely accessible to the worldwide astronomical community. Results in
the form of images and catalogues will be made available through the virtual observatory registries. The
external users will be able to access the Azhena Archive through normal web interfaces as well as through
fully-compliant virtual observatory interfaces (e.g. ConeSearch, Simple Image Access and Simple Spectra

Access) and tools (e.g. Aladin, STILTS, VisIVO, MAST, HEASARCbrowse).

'The Athena raw data rate of ~100 Gb daily average, produces ~3 Tb of telemetry per month. Based on expe-
rience with XMM-Newton, an expansion from raw telemetry of a factor ~3 (compressed) in the processed
data products has been estimated, yielding ~36 TB/year of data or ~250 TB over five years (with >30%
margin). With periodic reprocessing of all data increasing the volume by a factor of two, the Azhena archive
is sized to be ~500 TB after five years. (This volume is comparable with the archive volume anticipated for
Herschel.)

'The X-ray astronomy community has a long and successful experience of operating distributed
ground segment operations. The locations and responsibilities will be negotiated between

ATHENA partner agencies.
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Figure 8.1. Elements of the Athena Science Ground Segment and data flows. MTL stands for Mission Time-Line, T/M for
telemetry and POF for Planned Observation File.
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Appendix A: The history of Athena

In this section we recall the context and previous history of the L-mission reformulation exercise that has
led to the current definition of the Athena mission. A summary of the changes to the performance and sci-
ence goals that resulted is also provided.

XEUS, a large X-ray observatory, was selected as one of three candidate missions in response to the first
Cosmic Vision 2015-2025 proposal call. This ESA-JAXA proposal was merged with NASA’s Constellation-
X studies under a new mission name: The International X-Ray Observatory (IXO). The merger addressed
the recommendation from the SPC to seek international participation to maintain the cost of the mission
to ESA within the available funds for an L-class mission. IXO concluded its Assessment Phase successfully,
with a high level of technical readiness and impressive scientific capabilities.

An X-ray observatory mission that can be implemented by Europe, with reduced participation from NASA
and JAXA, has now been studied. Azhena (Advanced Telescope for High Energy Astrophysics) embodies
many of the key technologies of IXO, with heritage that has allowed a rapid rescoping to an affordable yet
high performance mission that addresses most of the goals of the IXO science case (see Table A.1).

'The recommendations of the ESA Internal Technical Review of IXO have been absorbed and applied to
the new design. The science and performance requirements were reviewed considering the revised boundary
conditions. Setting a cost limit to procurement and test of mirror sub-systems was an important feature of
the re-design process, and various options were considered before choosing the configuration with broad-
est science impact and simplest technical implementation. As a consequence major payload simplifications
have been introduced: the focal length is reduced to avoid the need of an extendable optical bench, and
the number of optics modules reduced to manage the cost and schedule risk. Four instruments have been
removed and the two remaining key camera/spectrometer instruments are fed by a fixed telescope each, to
avoid a large and complex set of focal plane assembly mechanisms.

Athena is a highly capable observatory compared with any other current or planned X-ray astronomy mis-
sions. The science case (Section 2) and associated performance requirements have been put together, re-
viewed and endorsed by a large community of scientists, with a broad range of interests in current astro-

physics.

The ESA mission assessment activities started with an internal trade-off and rescoping exercise in April
2011. The outcome of this work has been elaborated and verified first by ESA and then by two parallel in-
dustrial studies performed between June and September 2011, with the original competing consortia from
the IXO Assessment phase (EADS Astrium and Thales Alenia Space). These industries have suggested
a number of payload optimisations and fully endorsed the simplification approach applied to the Athena
design. Revisions of the IXO payload studies were conducted by European teams that originally responded
to the IXO “Declaration of Interest”. Meanwhile most of the relevant Technology Development Activities
for the optics and instrument components that were directly applicable to A4zhena have also continued. The
outcome of all these technical design activities is summarised in Sections 4 and 5. All payload and spacecraft
items could be provided with technical solutions from European sources. However the baseline contains
modest contributions from NASA and JAXA, which improve instrument heritage (hence technology readi-
ness) and performance. The final instrument complement will be decided through an Announcement of

Opportunity.
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