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ESCAPE Proposal for an ESA M5 Mission

4. Mission Configuration and Profile 

4.1. Orbit design

4.1.1. Requirements for the orbit  
To fulfil the measurement requirement as described in §1.6, §2.2 and Fig. 1.9, the spacecraft must meet the following conditions: 
· The spacecraft (SC) must slowly cover the polar cap magnetospheric region where the escaping flux maximises three dimensionally at different altitudes (1000 – 30 000km), latitudes and longitudes, within 3 years.  

· The SC should traverse a wide altitude range of the lower exosphere, i.e. 500 to 3000 km altitude, such that the in-situ density measurements can give a snapshot of its vertical structure and composition. 
· The SC should traverse the ring current region in the equatorial inner magnetosphere to measure the ions injected back from the magnetotail. 
· Since we can avoid observations contamination from penetrating particles in the inner radiation belt by putting the instruments off or in an appropriate mode, the orbit may traverse the radiation belts. 
· The 3-year radiation dose shall not require a higher level of shielding than 5 mm to reach <50 krad on EEE level.  
· Orbital parameters must be designed to require as few manoeuvres as possible (e.g., free drift). 
· The SC must not enter the geostationary ring during the operational phase; i.e., considering the latitudinal drift of the orbit parameter, apogee should be placed < 35 000 km altitude. 
· The line-of-sight observation from the SC must cover the exosphere of 500-2000 km at different altitudes and solar zenith angles (longitude). 
· The orbit should provide long periods for magnetically conjugate observations with the EISCAT-3D covered area.  
· At mission completion SC can be de-orbited. 
The best solution is a highly elliptic polar orbit with perigee close to the exobase and apogee at ~33 000 km altitude (cf. Fig. 4.1).
4.1.2. Proposed orbit 

Within the above requirements, and following a series of different test runs we performed, the following orbit parameters turned out to be close to optimal:

- Perigee: ~500 to 800 km altitude;  800 km initial perigee altitude 

- Apogee: ~33 000 km altitude  (6.2 RE geocentric distance)

- Orbital plane inclination: 90°

- Initial latitude of the line of apsides: 85° N
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Fig. 4.1: Schematic representation of the ESCAPE orbit with respect to the mission target zones.
It results that the proposed orbit has then a 9 hours and 45 minutes orbital period. 
The natural erosion of the above orbit, due to atmospheric drag and gravitational perturbations, was examined with the use of the STELA (Semi-analytic Tool for End of Life Analysis) CNES software. The dimensions of the satellite (cf. §4.2.2) were considered, giving a 0.00744 m2/kg surface-to-mass ratio, and the simulations show that the perigee altitude will fluctuate between 800 and 480 km (cf. Fig. 4.2, left panel), depending on the initial altitude and argument of perigee.
This natural perigee altitude evolution provides the extra bonus of surveying the lower exosphere at different altitudes, down to just below the exobase, during the 3-year nominal mission and without needing the execution of any manoeuvres. In order to avoid the denser thermosphere as much as possible, the initial perigee altitude is chosen at 800 km (cf. Fig. 4.2).
The longer term simulation of the perigee altitude evolution, i.e. over 100 years, shows that the ESCAPE orbit perigee oscillates but never goes below 450 km (cf. Fig. 4.2, right panel), which implies that the natural orbit evolution will not lead to an atmospheric re-entry in the foreseeable future. A de-orbiting manoeuvre is thus necessary at the end of mission, to insure the atmospheric re-entry, and two options are available:

· Either a ΔV~20 m/s manoeuvre, to reduce the perigee altitude at 395 km, which would then expose the satellite to increased atmospheric drag and lead to a natural re-entry within 25 years; 
· or a ΔV~87 m/s manoeuvre, that would immediately reduce the perigee altitude to 0 km (controlled re-entry). The hydrazine monopropellant mass necessary to execute such a manoeuvre is 23 kg (cf. §4.2.3). 
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Fig. 4.2: ESCAPE orbit natural evolution of the perigee altitude, on the short term (left panel), 
and over 100 years (right panel).

The proposed orbit, with 90° inclination, is almost inertial and the orbital plane maintains a fixed orientation in space along the year. The apogee thus, during the year, is successively in the magnetotail, dusk-side inner magnetosphere, noon-side inner magne​tosphere / cusp and dawn-side inner magneto​sphere, allowing a complete survey of the escape routes and ion circulation.

Due to gravitational interactions (mainly J2) the line of apsides is subject to a rotation of -0.21°/ day within the orbital plane, which leads to a natural southward drift of the apogee latitude. This line of apsides rotation is thus 76.6°/year (cf. Fig. 4.3). 
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Fig. 4.3: Initial ESCAPE orbit (red) and 1000 km altitude projection (magenta). The rotation of the line of apsides, within the orbital plane, is indicated.

An initial latitude of 85° N of the line of apsides is adopted as optimal, allowing an early survey of the northern polar cap ion escape route. The subsequent rotation of the line of apsides allows then a detailed coverage of the ring current region in the equatorial inner magnetosphere, to measure the ions injected back from the magnetotail, and then the southern polar cap escape route. Note, however, that even a single orbit can pass successively through the polar cap and the ring current (cf. Fig. 4.1), allow​ing the study of short-term effects during a solar event.

Table 4.1 below summarises the parameters of the proposed ESCAPE orbit.

4.1.3. Target regions coverage by the proposed orbit 
To test the coverage of the scientific target regions by the proposed orbit, during the 3-year nominal mission, we have geometrically defined three regions for the in-situ measurements (cf. Fig. 4.4):

Table 4.1: ESCAPE orbit parameters.
	Initial Perigee Altitude
	800 km

	Apogee Altitude
	33 000 km   (6.2 RE geocentric distance)

	Orbital Period
	9 h 45 min   

	Orbital Plane Inclination
	90°

	Initial Latitude of the Line of Apsides
	85° N

	Argument of Perigee
	255°

	Required routine orbit maintenance manoeuvres
	None

	Resulting Slow Oscillation of the Perigee Altitude
	Between 800 and 480 km

	Resulting Rotation of the Line of Apsides
	-0.21°/ day   
(230° in 3 years)
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Fig. 4.4: ESCAPE orbit altitude versus time (in minutes) after perigee pass. Red zone: Lower exosphere; Yellow zone: Ion Upwelling region; Green zone: Ring current region.

· Lower exosphere: 500 – 1000 km altitude: 1.56 % per orbit, i.e. ~22 minutes per day, equivalent to 11.2 hours per month. It is the red zone region in Fig. 4.4. 
· Ion upwelling regions (North or South Polar Cap): 1000 – 5000 km altitude and geomagnetic latitude > 70° (or < -70°): 1.47 % per orbit, i.e. ~21 minutes per day, equivalent to 10.6 hours per month (average over 3 years, taking into account the rotation of the line of apsides). It is the Fig. 4.4 yellow zone region. 
· Ring current region: 2.5 – 5 RE geocentric distance and -45° < geomagnetic latitude < 45°: 34 % per orbit, i.e. > 8 hours per day. It is the green zone region in Fig. 4.4. 
We note that the “white and green zone” above 5000 km altitude, in Fig. 4.4, is perfectly suited for remote sensing observations of the lower exo​sphere and limb, using the UVIS and AMC instru​ments. It is also used for in-situ measurements of the upper exosphere.
4.1.4. ESCAPE spacecraft launch 
Considering a ~700 kg total wet mass satellite, including all margins (cf. §4.2.4), and the ESCAPE orbit parameters, an Ariane A62 launcher is the most suitable for an injection to the mission operational orbit, as shown below.

A scaling of the announced (for a GTO orbit) A62 performance characteristics to the ESCAPE orbit shows that A62 is capable to launch ~2800 kg to the ESCAPE orbit, i.e. a ~2700 kg satellite considering a ~100 kg satellite adapter. There is thus more than adequate mass margin for the proposed mission launch.

Taking into account the re-ignition capacity of the A62 upper stage, the constraints on the argument of perigee are weak. 
The A62 launcher can thus perform a direct injection into the ESCAPE operational orbit, with the satellite spin axis initially along the velocity vector direction, and no major orbital manoeuvres are then required by the satellite. The remaining manoeuvres are for attitude control, with an orientation of the satellite spin axis along the Sun direction followed by the spin-up manoeuvres.
4.1.5. Radiation environment of the ESCAPE orbit 
In order to estimate the total ionising and non-ionising doses expected during the ESCAPE 3-year mission the SPENVIS tool has been used, and a series of simulations have been performed to test various combinations of orbit parameters:
· Perigee altitude (km):
 450, 500, 600
· Apogee altitude (km): 
 27 000, 33 000
· Inclination:   


 75°, 80°, 85°, 93°
· Argument of perigee: 
 60°, 90°, 120°
· Mission years: 
 2029-01-01 to 2032-01-01.
The results show that the inclination has very little effect on the total dose. The reason for this is that modifying the inclination does not really change the fraction of time spent in the radiation belts. 
Concerning the perigee change there is little difference between 450 km or 500 km perigee, but the total ionising dose for a 600 km perigee orbit is about 4 times lower. 
We will thus show the simulation results for a 500 x 33 000 km 75° inclination and 90° argument of perigee orbit, one of the most demanding.
We consider both the solar minimum and solar maximum case for the trapped radiation. Note that for SEPs and GCR we use the expected radiation levels for the actual epoch. The results, for the 4π sr dose in the centre of an aluminium sphere, are shown in Fig. 4.5 separately for electrons, trapped protons, SEPs, brems​strahlung X-rays and the total dose.
It appears that the total dose is by about a factor of 4 lower for the trapped particles for solar mini​mum conditions (if no absorber is present), indica​ting that the trapped particles dominate. For shield​ing thicknesses below 3 to 4 mm Al the trapped electron flux dominates; whereas for larger absorber thicknesses the trapped proton flux sets the limits. For the non-ionising dose calculations performed here, the trapped protons are important (Fig. 4.6). There is little difference between solar minimum and solar maximum conditions for the AP-8 flux, so the non-ionising dose is similar in both cases. 

[image: image6.emf]Fig. 4.5: Total ionising dose in silicon (rad) as a function of the aluminium shielding thickness (mm) for: solar maximum (left panel) and for solar minimum (right panel) conditions.
In conclusion, the radiation environment of the ESCAPE mission is strongly influenced by the trapped radiation belts. The larger part of the dose is due to the trapped electrons, shielding is therefore rather effective. Our study shows that ESCAPE will experience total ionising doses, after 3 years, of maximum ~35 – 40 krad behind 5 mm of aluminium shielding, which is thus adequate to satisfy the <50 krad on EEE level requirement. Behind only 3 mm Al the expected total ionising doses would be ~150 – 200 krad. 
More detailed orbit simulations will have to be performed during a Phase A study to obtain a more precise assessment of the dose, including the effects of the natural evolution of the orbit as the mission proceeds (cf. §4.1.2) and to estimate also the expected SEU rate. 

[image: image7.emf]
Fig. 4.6: Total non-ionising dose for trapped particles under solar maximum conditions.
4.2. Spacecraft design

4.2.1. Requirements for the spacecraft design  
To accommodate both the in-situ measurement instruments and the remote sensing instruments some unique characteristics are required: 
· The SC must be spinning, so as to allow the particle detection instruments to cover the full 3D space every spin.  The SC must be spinning also to allow the deployment of the SLP wire booms. 
· The spin period should be 20 – 24 s. This is defined from the energy sweeping time scale and the required angular resolution of the particle detection instruments (about 2.5 – 3 s full energy sweep and 8 azimuthal sectors). 
· The SC must have a constant attitude with respect to the Sun, so as to maintain the SLP probes continuously exposed to sunlight.  The SC must have a constant attitude with respect to the Sun also in order to maintain a constant spacecraft surface exposure to sunlight. This helps to avoid evaporation of eventual condensed volatiles if cold shadowed surfaces were to be suddenly exposed to sunlight. 
· The SC must provide a pointable platform for the mounting of the remote sensing instruments (UVIS and AMC), allowing stable pointing to the selected remote sensing target region: lower exos​phere, auroral oval, or limb scans. 
· The required pointing accuracy is 1° (0.1° knowledge). 
· The SC must allow, for the remote sensing instruments, auroral zone view for the inbound and/or outbound orbit legs. 
· The instruments must be placed such that there is minimum blockage by spacecraft appendages.  
· The SC must satisfy moderate (Cluster level) magnetic cleanness and EMC requirements. 
· External conductive surfaces, linear regulated power system, and distributed single-point-ground power system are required for basic EM cleanliness. 
· The power and telemetry supported by the SC must allow continuous operation of all experiments. 
· 10 GByte on-board memory is required for data storage before transmission to a ground station. 
· During the operational phase of the mission the SC should not use for orbit or attitude control nitrogen containing propellants, e.g. hydrazine. Nitrogen is a key element of the ESCAPE measu​rements, and any contamination of the measurements by deco​mposition / condensation / evaporation of propellants or their fragmentation products should be avoided. For the same reason CH4 (propane) as propulsion gas has also to be excluded, because propane has major fragments on mass 28 (14N2) mass 29 (14N15N) and also a bit on mass 15 (15N). 
· Outgassing and material decomposition under the influence of solar UV must be minimised, to avoid contamination of the measurements by gas (lessons from Rosetta). 
· The optical instruments (UVIS and AMC) should avoid the contamination by solar UV.
· The SC must execute an end-of-life deorbiting manoeuvre. 
4.2.2. Proposed spacecraft design  
Following an analysis performed in cooperation with the CNES PASO (Plateau d'Architecture des Systèmes Orbitaux), to satisfy in an optimum way the above requirements we propose a Sun-pointing spin stabilised spacecraft (~3 rotations per minute), equipped with a despun platform. 
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Fig. 4.7.a: ESCAPE spacecraft design, equipped on its top with a despun platform. Booms not deployed in this representation.
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Fig. 4.7.b: ESCAPE spacecraft design, all booms deployed. The rigid boom at the upper right bears the two MAG sensors. The boom at the lower left bears the Search Coil sensor. The SLP sensors are at the tips of two wire booms and one of them is visible (not in scale) at the upper left corner.
The main structure of the spacecraft is a 3500 mm diameter x 1000 mm height cylinder, equipped on its centre with a 350 mm diameter x 1500 mm mast bearing on its top the despun platform (cf. Fig. 4.7.a and 4.7.b). 

The despun platform has a one-axis articu​lation for elevation scans and bears the UVIS instru​ment (“blue” instrument on the top) and the AMC camera (“magenta” instrument). Next to AMC is a DPU for serving both instruments and providing a digital interface with the main spacecraft. One side of the despun platform is equipped with a small service camera, looking towards the main spacecraft: visual control of the booms deployment, of the de​spun platform phasing, etc. A rotating contacts slip-ring assembly is used for power and serial digital signal transmission between the despun platform and the main spacecraft. Heaters are used to maintain the temperature on the optics of the two instruments, and avoid condensation.
Such despun platforms have been used previously for the Giotto spacecraft antenna and also for the antenna assemblies of Meteosat 1st generation and, more recently, Meteosat 2nd generation satellites (7‑year life expectancy, Pspin = 100 rpm). 
The main structure of the ESCAPE spacecraft has the particle detecting instruments on its periphery, and two deployable rigid booms, 5-meters each, at its top surface (cf. Fig. 4.7.a and b). One of these booms is for the magnetometer sensors and the other for the ELF-VLF Search Coil sensor. The SLP sensors are at the tips of two 15 – 20 -meters wire booms, orthogonal to the rigid booms, deployed by centrifuge.
4.2.3. Spacecraft attitude and orbit control system 
As indicated, the spacecraft has its spin axis Sun-pointing. In order to avoid exposure to sunlight of the remote sensing instrument, the despun platform is in the anti-sunward direction (always in the shadow of the spacecraft, which is favourable for optical instruments), whereas the opposite of it side of the spacecraft, which is facing the Sun, is covered with solar panels. A narrow belt of solar panels, all around the spacecraft periphery, and two small solar panels at the spacecraft top surface, insure power supply following launch, i.e. before the orientation of the spin axis to the operational Sun-pointing attitude, or in case of contingency.  
Maintenance of the Sun-pointing spin direction of 3.5° to the  Sun requires regular attitude manoeuvres, of 3-4° manoeuvre twice a week, to compensate for the yearly Earth movement around the Sun (Fig. 4.8).
The proposed spacecraft attitude control system uses as input: (a) two solar sensors, at the two oppo​site sides of the spacecraft;  (b) two star sensors, obli​quely looking around the anti-solar direction (the low light-green baffles in Fig. 4.7).  

Since an hydrazine-based attitude control system is not allowed (cf. §4.2.1), and methane or cold nitrogen are not allowed either, an inert cold gas system based on Xenon or Krypton has to be adopted. Although the specific impulse values of these two gases (27 and 35 s respectively) are not high, they offer the advantage of not polluting the measurements of the particle instruments and, as we will show, their performances are more than ade​quate for the mission requirements.

The proposed system is based on (cf. Annexe-C):


[image: image10]
Fig. 4.8: ESCAPE orbital plane (red) with respect to the Sun-Earth system, during the year. The SC despun platform (small brown mast) is always in the anti-sunward direction, whereas the SLP probes are continuously exposed to sunlight. The Earth’s magnetosphere is represented in light blue.
· 8 thrusters at the “edges” of the spacecraft, inclined at 15° to generate thrust or torque in all necessary directions. Each of them develops a 20 mN thrust and they are used for the spin-up, atti​tude manoeuvres , or for eventual orbit manoeuvres. 

· 4 small (300 mm diameter) cold gas tanks. 
The estimation, of the thruster operation duration necessary to perform the 1° daily attitude manoeuvre (most frequent case) has been performed based on the spacecraft moment of inertia and a symmetric 2x2 thrusters operation at two opposite sides (~100 mNm torque). The result​ing thrust duration, for a 1° spin axis pointing man​oeu​vre, is ~57 s, which is relatively long compared to the spin period (~20 s). So the thrust has to be fracti​oned in a small series of shorter pulses, synchronised with the spin phase. Consi​dering that the efficiency of such a pulsed thruster operation is about 40% of a nominal continuous operation, and the use of Xenon as propellant gas, it results that the propellant consumption is 7 g per day for attitude control, or 7.6 kg of Xenon for a 3-year mission.

The proposed spacecraft configuration, consi​dering a 75% tank filling, provides ~120 kg of Xenon. Since only 7.6 kg of Xenon are necessary for attitude control during the nominal 3-year mis​sion and A62 can perform a direct injection of the space​craft into its operational orbit, there is a huge propel​lant margin available for:

· eventual mission extensions;
· eventual orbit modifications during the mission.

For the end-of-life deorbiting manoeuvre the hydrazine avoidance requirement is not any more mandatory. A monopropellant hydrazine system is thus proposed (Isp=200 s), with a 20 N thruster and a 500 mm diameter hydrazine tank at the central axis of the spacecraft. Considering again a 75% filling this provides ~50 kg of hydrazine. A controlled re-entry manoeuvre (ΔV~87 m/s, cf. §4.1.2) would require ~23 kg of hydrazine. A perigee altitude reduction manoeuvre (ΔV~20 m/s) would require ~5 kg of hydrazine. In both options there is a huge margin available for any manoeuvres or contingency. 

It is noted that the re-entry manoeuvre is pre​ceded by an attitude manoeuvre, using the nominal Xenon thrusters system, in order to orient the space​craft spin axis in the required direction.
4.2.4. Spacecraft mass budget 
Table 4.2 provides the spacecraft bus mass break-down, with/without margins. The total dry spacecraft bus mass including margins is 338.7 kg. 
The propellant mass, considering as indicated in section 4.2.3 a tank filling at 75% of the maximum capacity, is 120 kg Xe + 50 kg hydrazine = 170 kg, or 204 kg including margins. We note however that, as   
Table 4.2: ESCAPE spacecraft bus mass budget, including propellants for extended mission/contingencies.
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Table 4.3: ESCAPE payload mass budget.
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indicated previously, to satisfy the nominal mission requirements a mass of ~10 kg Xe + ~24 kg hydrazine = 34 kg would be adequate.

Table 4.3 provides the payload mass break-down, with/without margins. The total ESCAPE payload mass, including margins and booms, is 148 kg.  The total system mass, i.e. spacecraft bus + payload + propellants (filling at 75%) + all margins is 690.7 kg, including margins, which implies that a spacecraft not exceeding 700 kg, during launch, is the baseline of the proposed mission.

Table 4.4: ESCAPE spacecraft bus power budget.
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Table 4.5: ESCAPE payload power budget.
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4.2.5. Spacecraft power budget 
Table 4.4 provides the spacecraft bus power break-down, during the different mission phases, with/without margins. The maximum spacecraft bus power consumed, during data transmission to a ground station (most demanding configuration) and including all margins, is 299.1 W.

The instrument power break-down is given in Table 4.5. Note that here the margins are not given per instrument, but a total payload power margin of 20% is added at the bottom of the table. The maxi​mum payload power consumed, including all margins, is 152.3 W.

The total system power budget, i.e. spacecraft bus + payload, during data transmission to a ground station (few minutes per day, cf. §4.2.6) and inclu​ding all margins, is 451.4 W. The main solar panels, at the “bottom” side of the spacecraft which is continuously facing the Sun during normal ope​rations, are thus sized for a 450 W power supply. Outside data transmission windows the total system power budget, including all margins, is 289.3 W.
A battery is foreseen for eventual peak power situations, launch operations, eclipses and contin​gencies. 
4.2.6. Spacecraft telemetry and command system 
For payload telemetry (TM) transmission, which is the most demanding, an X-band system is chosen whereas for housekeeping telemetry and for commanding (TC) an S-band system is considered as the baseline. 
The proposed ESCAPE TM telecoms system has been designed to be operated around apogee (i.e. above 20 000 km), where the passes are longer. The following ESATRACK stations are proposed, consi​dering the slow rotation of the line of apsides described in §4.1.2:
· Kiruna during the 1st year, when the ESCAPE orbit apogee is mostly in the northern hemisphere; 
· Kourou successively, when the apogee is close to the equator; 
· New Norcia or Malargüe when the apogee is mostly in the southern hemisphere. 
New Norcia and Malargüe are DSN stations equipped with 35 m de diameter antennas, whereas Kiruna and Kourou are equipped with 15 m antennas. 
Table 4.6 gives the daily visibility of each of these stations during the 3 years of the nominal ESCAPE mission. It results that: 

· During the 1st year Kiruna is the best suited station, even if Kourou can supply some additional coverage if needed. 
· During the 2nd year the two southern hemisphere stations provide sufficient coverage, even if Kourou can again supply some additional coverage if needed. 
· During the 3rd year the use of the southern hemi​sphere stations is necessary. 
Concerning the onboard antenna configuration, the use of isoflux antennas is proposed. To ensure a 4π sr coverage, the baseline configuration is: 

Table 4.6: ESCAPE visibility of the selected ESATRACK stations, in minutes per day.

	Station visibility 
(minutes/day)
	Kourou
	Kiruna
	Malargüe
	New Norcia

	1st year
	411
	986
	174
	191

	2nd year
	404
	270
	637
	611

	3rd year
	242
	41
	955
	906


· 1 antenna on each of the +Z and -Z sides of the main structure of the spacecraft; 
· 4 antennas on the periphery of the spacecraft, switched from one to the next one at the spin frequency and used when Earth is visible “at the side”. A 10 dB gain is proposed. 
The proposed onboard equipment is dimensioned for 13m ground antennas, and is based on a travel​ling waves tube amplifier of 30 W RF. The amplifier efficiency being ~45%, the consumed electric power during emission is ~70 W, plus 30 W for coding, modulation, etc., i.e. 100 W total. The maximum transmission rate is then estimated at 100 Mb/s. 
The expected payload data production rates are given in §3.5, Table 3.2.

Considering a 90% normal data rate and a 10% peak data rate production, and adding packets overhead and margins, there are ~18.6 Gb per day to download to ground stations. For a 50 Mb/s data download rate this requires 6.2 minutes per day of station visibility, or 3.1 minutes per day for a 100 Mb/s data download rate. A comparison with the available station visibility windows, shown in Table 4.6, indicates that there are enough margins and only a small fraction of the available visibility windows is needed for data transmission.

4.2.7. TRL level of the proposed spacecraft sub-systems 
The spacecraft bus subsystems and equipment, in the proposed spacecraft preliminary design, are either: 

· based on existing flight-proven equipment, used e.g. onboard the Myriades or Pléiades product line, or are off-the-shelf equipment, and in this case their TRL level is 9; avionics and attitude control and propulsion equipment are such examples; 
· or derived from existing flight-proven equipment, but some adaptation or development would be required, and in this case their TRL level is at least 6; the battery is such an example; 
· or needing development, but are based on simple or commonly used elements, and a TRL level 6 will be reached at the end of Phase A study. This is 
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Fig. 4.9: Instrument accommodation on the ESCAPE spacecraft, with their FOVs. 
Two opposite sides of the spacecraft are shown. The booms, in these representations, are not deployed.
particularly the case of the despun platform, which is based on elements such as two main mechanical parts, two electric motors + two position encoders, a slip-ring assembly and a command and control module. As indicated in §4.2.2 similar despun plat​forms have shown their reliability. 
The scientific instruments TRL level is given in section 3, Table 3.1
4.2.8. Instrument accommodation 
The accommodation of the scientific instruments on the ESCAPE spacecraft, with their fields-of-view (FOV), is shown in Fig. 4.9. A cut-view of the instruments accommodation is given in Annex-C. All instruments have a FOV clear of spacecraft appendages or other obstacles.
4.3. Ground segment 
ESCAPE spacecraft TC/TM transmission and ground station coverage are described in §4.2.6
All commands, including the instrument on/off, will be performed by time-tagged commanding after the initial commissioning period of first 2 months. Real-time commanding will be required only for instru​ment commissioning and for contingencies.
All received TM data are processed first at ESOC where the level 0 (telemetry) data are unpacked and converted to level 1 (raw) data, for distribution to each PI institute. Due to the non-criticality of the platform operation (no real-time manoeuvres during the nominal mission), weekly platform commands are uplinked from ESOC.
Higher-level data processing and science products generation is performed at the PI institutes.
4.4. Operations
4.4.1. Science operation phases and modes

The mission has four phases: 

(1) Initial health check phase and commissioning (from the launch until the end of the functional test of each instrument after sufficient outgassing of the spacecraft).  During this time we need real-time or semi-real-time operations and therefore the ground stations must provide good real-time contact. Since many instruments use HV supplies, we need to wait one month (outgassing) before the first instruments with HV supplies can be switched on. We also need to examine the level of ion contamination from both manoeuvres and attitude control. This will take about 2 months from the launch.

(2) Nominal science phase (3 years): The high initial apogee latitude allows the spacecraft to spend large amount of time over the northern polar cap escape route in its outbound leg, favouring at the same time conjugate observations with EISCAT -3D, and in the ring current during the inbound leg (cf. Fig. 4.1). Due to the natural orbit evolution the apogee successively moves close to the equatorial plane (2nd year), surveying the ring current near the equatorial region, just outside the outer radiation belt where many past observations by the geosyn​chro​nous satellites have been performed.  This allows us to compare our high mass resolution results with ion measurements from geosynchronous satellites and to cross check the energy and effective geometric factors. At the same time the perigee is in the equatorial lower exosphere, another target region. During the 3rd year the ESCAPE orbit apogee will be in the southern hemisphere, to survey the southern polar cap escape route, while the perigee will be in the northern lower exosphere. This mission time will cover quick rise of the solar activity from the solar minimum to solar maximum.
(3) Bonus phase (in case a 2-year extension is approved): Continued orbit evolution, in conjunction with eventual orbit manoeuvres, will allow an extended coverage, and hopefully observations during an early declining phase of the solar activity. 
(4) End of mission phase (deorbiting): We switch-on all instruments, taking advantage of the unique re-entry into the atmosphere, because we expect unusual heavy ion formation.  This could be used as a reference for meteor burning.

During nominal operations the pointable despun platform will be programmed for looking on selected targets: lower exosphere, atmospheric limb scans, auroral zone imaging, zenith obser​vations, or stars for calibration. This is achieved through the two degrees of freedom capabilities of the despun platform system: one-axis articulation (axis perpen​di​cular to the spacecraft spin axis, cf. Fig. 4.7) and spin-phase adjustment for the despun function.
4.4.2. Calibration

We will also have cross calibration between different ion instruments, by comparing over the range where more than two instruments cover the same parameter (overlapping mass and energy for particle instruments, and overlapping frequency for MAG and the search coil). We do not need to have a special campaign for such calibrations but can just compare data taken during normal modes.  However, as mentioned above, the use of the cold gas pro​pul​sion (Xe or Kr) for the attitude control gives us the opportunity of mass calibration for the cold or low energy ion mass spectroscopy, and therefore we will sometimes keep instruments on during (or immedi​ately after) such attitude control manoeuvres.

5. Management scheme 

5.1. Organization and responsibility

During the pre-study phase and until ESA appoints the Project Scientist(s) from ESA, the ESCAPE Science Working Team (SWT) that includes all instrument PI teams and CoIs teams is led by four European core teams: IRAP (Dandouras), IRF (Yamauchi), BIRA-IASB (De Keyser) and ISS (Marghitu).  IRAP (mission PI institute) is the single point contact and is working in close cooperation with IRF (mission Co-PI institute). ISS is the Interdisciplinary Analyses Coordinator institute, to enhance the multi-disciplinary nature of the mission. In addition to this European core, UNH (Kistler) is the scientific contact point between ESA and NASA (through IRAP).  The scientific contact point to JAXA (ISAS is the actual manager) is IRF's role.  

The Project Scientist will chair the SWT and is responsible for all the above interfaces between ESA and the PI/CoI teams.  The SWT is responsible for (1) science planning including calibration and telemetry re-distribution, and (2) science operations planning.  Based on the approved plans, each PI team creates data products for data analysis and archives them for open use (see §5.4 for details). It also creates an individual command plan, which is assembled by ESOC based on the operations plan.  All the ESOC activities are ESA's responsibility.  

Since the payload includes also US instruments and Japanese instruments, the mission needs support from NASA and JAXA for the SI level.  We do not expect those agencies to provide spacecraft support.  All manufacturing and operation elements, except SIs, are ESA's responsibility.  No other space agency is involved.  As for the coordinated observation with the ground-based facility, EISCAT will be the main contact during the mission, with IRF as contact during the preparation phase.  The financial situation for the payload support is summarised in §6.2.

5.2. Tasks during mission study and implementation (Phases A-D)

Throughout Phases A-D the SWT's tasks are, in addition to the tasks as SI preparation:

· Keep update of SI's maturity margin. 
· Review and approve proposals of new CoIs on the hardware level. 
5.2.1. Phase A

This phase is led by ESA, and the SI teams are responsible for working closely with ESA for the mission and spacecraft preliminary design, evalu​ation of possible technical options, preliminary design of their instruments, or implementing requests from ESA about the design of their instruments.  The major tasks for ESA during this phase are as follows.

· Instrument TRL level is examined.  Although the majority of the SIs are simply copies or minor modifications of instruments that actually took data in the past or on on-going space missions, several SIs are newly developed (they reached TRL=5-6).  All SIs will be re-examined from the viewpoint of the purpose and area of operation (relatively high radi​ation dose) of the mission, mainly through docu​mentation, during this preliminary study phase.  
· The optimum orbit and attitude control method will be tuned.  Although we have done extensive analysis and found acceptable orbit parameters and attitude control methods as described in the previous section, for which the CNES PASO found it is feasi​ble to construct an appropriate spacecraft, there may exist even better or more cost-effective solutions. 

· The launch procedure must be examined in detail. 
· The attitude control system, for which a preliminary analysis is given in §4.2.3, must be examined, e.g., type of inert cold gas used: Xe or Kr. 
· The final satellite platform including equipment must be defined and designed through contact with all SI teams, because changing the platform for one instrument might interfere another SI's observations. 
· A preliminary design will be required for the despun platform system: axis mounting, articulation, slip-rings, position encoders, power and digital data transmission to/from the platform. 
· Downlink and uplink station selection must be validated, cf. §4.2.6 for a preliminary analysis.  
5.2.2. Phase B (Definition phase)

The ESCAPE implementation schedule is assumed to follow the ECSS phased approach. The definition phase ends with a Preliminary Design Review. This will be followed by the RFP & Tender Evaluation Process for the System Prime Contractor.

5.2.3. Implementation Phase (C/D)  
It is foreseen that ESA is Mission Responsible and issues an overall industrial contract for the space segment to a System Prime Contractor. Due to the "thin Prime approach" favoured by ESA in the Science Programme (first used on SolO), and also governed by geographic return constraints, it is foreseen that the System Prime Contractor may subcontract the provision of spacecraft elements to different suppliers. 

The System Prime Contractor will be overall responsible for the integration of payload with the spacecraft and the overall System PFM Assembly, Integration, and Test (AIT) campaign. The System PFM AIT is followed by the Flight Acceptance Review (FAR), which gives the go-ahead for spacecraft shipment to the launch site. The success​ful FAR marks the formal delivery of the spacecraft to ESA.

ESA will rely on the national delegations for the funding and provision of the payloads, and provide these to the System Prime Contractor as Customer Furnished Equipment (CFE).  Concerning the system interface to the PIs, it is proposed to be handled by a single contact point for each instrument PI.  It is further assumed that ESA has the responsibility for the procurement, preparation and execution of the launch and spacecraft operations.

The development and/or procurement of booms and payload mechanisms may be included as part of the System Prime Contractors tasks, or procured separately by ESA and provided to the System Prime Contractor as CFE. In the latter case, the specifica​tion and SoW for these items shall be jointly agreed by the concerned PIs, the System Prime Contractor, and ESA.

ESA will also be in charge of the procurement of the ASPOC instrument, since this is a facility instrument (spacecraft potential control), not performing scientific measurements. ESA will also supply the hardware of the two payload DPUs, one on the despun platform serving the remote-sensing instruments and one on the main spacecraft body serving the particle detection instruments.

5.3. Tasks after launch (Phase E)

5.3.1. Launch & Early Orbit Phase (LEOP/Phase E1)

The launch campaign is proposed to be performed under overall ESA management, with full technical support provided by the System Prime Contactor.  The LEOP and commissioning of the spacecraft platform is performed by ESOC with full support from the System Prime Contractor. 

The commissioning and initial tests of the instruments will be performed after the commissio​ning of the spacecraft.  During this period, all SI teams test different observation modes and parameter settings to determine the optimum configuration of their instruments.  Since during this phase the instru​ment response should be observed as soon as the command is executed, we need near real-time com​manding, as was done for Cluster.  What we need to examine is:

·  interference from other instruments; 

· cross-calibration of energy ranges for ions to adjust the energy tables; 

· testing of on-board particle mass classifications for ions to adjust the mass tables. 

This phase concludes with an ORR (Operational Readiness Review).

5.3.2. Operational Phase (Phase E2)

The operational phase is performed entirely by ESOC, with support provided by the System Prime contractor on an as-needed basis.  The command lists for the SIs will be generated by the SOC (Science Operation Centre), for checking and uplinking by the MOC (Missions Operations Centre).  Spacecraft telemetry from the ground station will be provided as CCSDS Space Packets to MOC.  The science data will be stored in a central data repository in the SOC from where it can be accessed by all PIs.  All activities done by ESOC, SOC, and MOC are ESA's responsibility while the PI's activities are national funding agency's responsibility.  ESA-lead facility instruments (ASPOC and boom deployment) are also ESA's responsibility, but despun platform pointing planning should be performed jointly by the UVIS and AMC teams. The SOC has to define the radiation belt timing, to switch off the instruments, and the visibility timing for line-of-sight operation by UVIS.  

ESOC also generates time-tagged commands for scientific instruments, which is an assembly of command requests from each PI.  These will be uploaded to the spacecraft weekly.  Since power and telemetry supported by the spacecraft allow simulta​neous continuous operation of all experiments, the nominal science operation plan preparation would be straightforward.  However, ESOC will need at least one week to assemble them because the instrument set is large.  Since we do not plan any major manoeuvres with ∆V during the three-year mission, the operation should be relatively simple compared to missions such as Cluster. 

5.4. Science management

5.4.1. Data handling and archiving

The telemetry (Level 0) data that are received by ESOC will be directly uncompressed to produce raw data (level 1a data), and to produce quick-look plots (QL).  The format of the QL is defined by the SWT.  While keeping both level 0 and level 1a data, ESOC will directly distribute both (level 0 and 1a) data to each PI institute.

Each PI institute is responsible for examining the quality of the level 1a data and processing and cleaning them to produce a processed data set (level 2a data) for general analyses by Co-Is as well as all the other PIs by request.  The PI institutes are also responsible for producing final physical parameters (level 3 data) to store at ESA in a common format, like those at the Cluster Science Archive (CSA) or Planetary Data Archive (PDA).  We strongly recom​mend that this final archive includes also raw count data that can easily be converted to physical para​meters with a single calibration efficiency table, because this efficiency is one of the parameters that degrades in time and is subject to revision. 

Data that are produced within the PI teams include also summary plots (level 1b), and digital science quality data (level 2b), ready to be used in scientific papers. Open distribution to the community will be performed after 1 year (this can be shortened if EU policy of open data changes). The planned content of these open-access data is summarised in Table 5.1. The open-access data do not have to be limited to parameters such as moment data for ions (density, velocity, and pressure), but could also in​clude differential energy flux (JE) or power spectrum density (PSD) that contain more information.

Table 5.1: ESCAPE instruments typical open-access data products

	Instrument
	Content
	Level 1b/2b data (within 1 yr):

low and medium resolution
	level 3 data (final archive):

full resolution

	INMS
	Cold ions & neutrals
	Counts / time 
	mass spectrograms; 
cold ions and neutrals densities

	WCIMS
	Cold ions
	Counts / time
	mass spectrograms; cold ions moments 

	MIMS
	Hot ions
	E-t spectrograms, ion moments 
	JE(E, p/a, m); Energy-mass spectrograms 

	NOIA 
	Hot ions
	E-t spectrograms
	JE(E, p/a, m); energy mass matrices

	EMS
	Energetic ions
	E-t and Mass-t & Pitch angle spectrograms at selected E 
	JE(E, p/a, m); mass-t spectrogram for fixed energies (high resolution)

	ESMIE
	Electrons
	E-t spectrogram
	JE(E, p/a)

	SLP
	SC potential, plasma density
	spin averaged SC pot; 
spin-plane E-field components
	spacecraft potential; estimated density; 
spin-plane E-field components

	MAG
	Magnetic field
	spin averaged B-field
	1 Hz data, spin averaged data; power spectrogram for < 10 Hz

	Waves &

Search Coil
	EM waves 
	power spectrogram,
magnetic waveform (122 Hz)
	power spectrogram for 5 Hz to 20 kHz
full waveform (incl. 20k Hz snapshots )

	ENAI 
	ENA images
	Counts/time plots; ENA images
	JE(E, m) ENA images

	UVIS
	UV emission line brightness
	Count on detector 
(spectral and spatial) vs time
	Column densities and density profiles; 
UV images

	AMC
	Images (visible)
	low resolution images
	full resolution images

	DPU
	Energetic particles 
	Radiation belt boundaries
	Radiation belt boundaries


For the final archive we propose to use the CEF (Cluster Exchange Format) which has successfully been used for Cluster data exchange and archive, is machine-readable and human-readable, is self-descriptive and a variety of software tools are available for it. 

5.4.2. Analyses software and data centre

All software related to limited telemetry processing (decompression and time ordering of received TM packets) and to create level 0 and 1a files, as well as the production of quick-look plots is ESA’s responsibility.  The SI PIs will provide info​rmation on data formats and compression to ESA. 

Each PI is then responsible for developing the higher levels of data processing software (2a, 3) from level 0 and 1a data, as well as the programs that produce level 1b/2b data from level 1a/2a data.  For data processing and analysis, within the PI teams, programs such as the cl program developed at IRAP for Cluster are expected to be used. 

While some science analysis programs will be shared within the PI teams or SWT, the programs to produce level 1b/2b will be provided also to ESA and integrated in a mission-level web-interface program (like the Cluster CSDS/CSA) under ESA’s responsibility.  Such integration applies also to level 3 data (like those at the CSA). 

Because the ESCAPE datasets will have simi​larities with those of Cluster, this work will be able to use some of the existing structure. The CDPP (http://cdpp.eu/) multi-mission data centre is also expected to hold an ESCAPE mission data archive, and to provide data access to the community.

5.4.3. Model-data comparison and Ground-based observations 

Since the upwelling ionospheric ions start drifting in the inner magnetospheric after modest pitch-angle scattering, ion drift models are a strong tool in understanding the fate of scattered ionospheric ions.  Inner magnetospheric drift models have a long history and are already quite advanced, and the proposing team has direct access to three such models.  They are the Comprehensive Inner Magnetosphere-Ionosphere (CIMI) model (Fok et al., 2014), the Hot Electron and Ion Drift Integrator (HEIDI) model (Liemohn et al., 2004), and the Inner Magnetospheric Particle Transport and Acceleration Model (IMPTAM) (Ganushkina et al., 2011).  These models can simulate the drift motion under any arbi​trary magnetic and electric field considered and for any solar wind conditions, and are reliable tools in overviewing the fate of ions. Exosphere modelling, as discussed in section 1, is another key activity in support of the ESCAPE observations analysis. 

Therefore, collaboration with modelling experts is very important, and we have these experts in the team (see Annex-B). University of Michigan (M. Liemohn) and Tsinghua University (F. Tian) will coordinate the modelling activity.

Ground-based 3-D ionospheric radar observa​tions, thanks to the ESISCAT-3D facility, and optical observations will be performed regularly to compare with the ESCAPE UV and Visible (UVIS and AMC) observations.  UVIS can cover a large range of the upper ionosphere in the polar region through limb observations by taking advantage of the ESCAPE despun platform scanning capability. It is thus possible to compare these measurements with the vertical observations from the ground even more often than ordinary conjugacy allows.   Three ground stations from Scandinavia (Svalbard in Norway, IMAGE network in Finland, and Kiruna in Sweden) have agreed to collaborate in such observations. The EISCAT Scientific Association has committed to coordinate for conjugate observations with ESCAPE, and the EISCAT-3D facility (https://eiscat3d.se) will most likely be mature and ready for observations by 2029.

5.4.4. Coordination of different disciplines

Given the interdisciplinary dimension of the ESCAPE mission objectives, coordination between different disciplines and different science tools requires, as mentioned previously, its own coordinator. ISS is the Interdisciplinary Analyses Coordinator institute, to enhance the multi-disciplinary nature of the mission.  The task is not limited to demand-based coordination, but the coordinator can also take outreach initiatives within the scientific community.

5.4.5. Outreach

Atmospheric escape and evolution is an issue on which there is substantial public interest.  It is related to the long-term atmospheric evolution and its impact on the habitability of the planet, topics for which the society is sensitive. The recent success of the MAVEN mission, and the interest of the public to its results, is a testimony of the broad impact of the subject. Nitrogen and oxygen are fami​liar to everybody (including school children) and we do not need complicated explanations to persuade the general public about the importance of these elements, and their ratio, in the development of leaving organisms. The interdisciplinary aspect of the ESCAPE mission is another strong point for outreach. 

The ESCAPE instrumentation, including imagers as the Auroral and Airglow Camera, the UV Imaging Spectrometer and the ENA Magnetospheric Imager, will provide material able to captivate the excitement of the public. This can provide a simple visual support conveying the mission's science targets.

It is foreseen to make a video explaining the objectives of the ESCAPE mission to a wide level of audiences, from school children to scientists in other fields. An outreach web site will also be developed.  

6. Costing 

6.1. Spacecraft, launch and operations cost 

Table 6.1 summarises the total cost estimate, for ESA, of the ESCAPE mission.  Since the mission does not require high precision attitude control for the optical telescope measurements and many of the spacecraft subsystems and equipment are based on existing flight-proven elements, or are derived from them with some adaptation, the spacecraft design does not present any unusual complexity. The only “challenging” subsystem is the despun platform (but even for this there are analogies with the despun platforms of some other satellites such as Meteosat, or the mechanisms used in some reaction wheels assemblies). Furthermore, the mission does not require a high telemetry rate and the use of ESTRACK 13-m and 15-m antennas is baselined, rather than the more expensive 35-m antennas. Operations do not present any particular complexity also because no orbital manoeuvres are planned during the nominal mission.

The spacecraft cost presented in Table 6.1 (120 M€) is the result of a breakdown analysis of the various subsystems in the proposed spacecraft design (cf. §4.2), and analogy/scaling with other projects. To this have to be added the cost of ESA-procured facility instruments, not performing scientific measurements, as the ASPOC instrument and the two DPUs, one on the despun platform and one on the main spacecraft body (15 M€). ESA support to scientific instruments integration on the spacecraft and testing is estimated to another 5 M€. 
Chemical cleanliness of the spacecraft and its subsystems implies a specific programme for reducing outgassing and in-flight decomposition of materials (such as MLI that decomposes under the action of solar UV). This programme, conducted from the start of the mission, is estimated to 10 M€.
A 20% ESA project cost is foreseen for all these elements, i.e. 30 M€.

The ground segment and operations for the nominal 3-year mission, including SOC/MOC (cf. §5.3.2), ground station tracking and data archival, is estimated at 50 M€.

To all these items a 15% contingency is added, i.e. 35 M€.
Launch by Ariane A62 is a fixed price of 73 M€.

The total ESCAPE mission cost, for ESA, is thus estimated at 338 M€.

Table 6.1: ESCAPE mission cost estimate for ESA

	ESCAPE Mission Element
	ESA Cost (M€)

	Spacecraft
	120

	Instrument integration and tests
	5

	ESA supplied payload elements (ASPOC + 2 DPUs)
	15

	Chemical cleanliness programme
	10

	ESA Project Team (ESA internal cost)
	30

	A62 launch
	73

	Ground segment and operations
	50

	Contingency
	35

	TOTAL
	338


6.2. Financial condition of the payload

In Table 6.1 cost for the SIs is not listed because they are supported by the national funding agencies.  The cost for each SI (adding PI and CoI support) is about 10-15 M€ for particle spectrometers and imaging instruments, 2-5 M€ for the other SIs depending on in-house manufacture or industrial sub-contracts, ending up with about 100-120 M€. 

All European instrument PIs have already contacted their national funding agencies in order to obtain support and official endorsements for building their instruments.

For US participation, the two US instrument PIs are in the process of submitting to NASA a joint letter, in response to the recent NASA Heliophysics Division call for Supporting Letters for participation in ESA M5 proposals. 

For the Japanese participation (two PI contri​butions), ESCAPE is already selected as one of the “Research Group” projects in the solar-terrestrial sub groups of JAXA.  The Research Group is a prepa​ration phase to judge if the project should start a phase 0 study (Working Group).  For example, THOR is one of the Research Groups.  Due to long time to the launch, start of the Working Group is normally at the time of the selection at ESA (or selection by ESA is a condition to step forward to phase 0 - Working Group). Therefore their participation, if ESCAPE is selected, is quite safe.
35
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