MEPS. Description of the baseline instrument design

Description of Total Solution
The MEPS instrument is a particle instrument measuring the energy spectra and angular distributions of energetic electrons (30-600 keV) and ions (30-6000 keV/nuc). The experiment consists of two units (Figure 1) each of which provides two double-ended telescope pairs (sensor heads) with four view cones per pair, two dedicated for electrons and two for ions. Utilizing any spin of the spacecraft, MEPS observations cover the full sky with a total of eight electron and eight ion view cones. As the L5 S/C is not a spinner, MEPS still provides crucial pitch-angle information to determine whether the event is scatter free. This is an important indicator for interpreting the timing information of the space weather event.
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Figure 1: MEPS unit CAD-study with two sensor heads, each of which has two double-ended telescopes. One MEPS unit provides eight view cones in total, four for electrons and four for ions.












	Units: 1

	Sensors: 2 per unit

	FoVs: 4 double FoVs per unit. The FOVs for each sensor are separated by 70°
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	Angular resolution: 45° full angle

	Energy range:

	· 30keV/n-6MeV/n for the 20-300-300 um detector stack solution

	· 30keV/n-8MeV/n for the 20-500-500 um detector stack solution

	Volume: 30x20x20 cm3

	Power: 5W for 1 unit

	Mass: 2.4 kg for 1 unit

	Data Products: Particle VDF

	Cadence: 5(1) minutes

	TRL: 6 (most parts 8-9)



Table 1: Proposed MEPS instrument heritage of MEPS from EPT Solar Orbiter Technical Parameters

The two ends of a telescope observe electrons and ions, respectively. Each telescope consists of a stack of three solid-state detectors (Figure 2). On one end, the outer detector is covered with a thin polyimide layer, stopping ions below a few hundred keV/nuc but letting electrons pass almost unaffected. This uppermost detector (500 μm thick Si) on this side is operated in anticoincidence with the second (middle) detector and thus observes the energy spectrum of stopping electrons. The other end of the telescope has a broom magnet (instead of a PI layer) that defects electrons below a few hundred keV (see Figure 3 for electron deflection measured with the Solar Orbiter EPT EM). This side of the telescope employs a 20 μm thick Si detector in front of the 300 μm Si detector in the middle, which thus form an ion telescope observing at energies from 100-6000 keV/nuc. Ions passing the thin first detector can be identified at high energies (MeV/nuc range) using the d E/dx vs. E technique, operable at Ekin ≥ 1 MeV/nuc for protons and alphas and ≥ 2 MeV/nuc for heavier species. Lower ion energies can nevertheless be resolved using the middle detector as an anticoincidence: Anything above 1.2 MeV energy deposit in the thin detector is heavier than protons, which in return means that the thin detector may be used as a Z ≥ 2 channel SSDs for deposited energies > 1.2 MeV (or 300 keV/nuc for He). The same logic applies for penetrating He, enabling a Z ≥ 6 channel for energies > 4.8 MeV; or 420 keV/nuc for C, 360 keV/nuc for N and 310 keV/nuc for O.
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Figure 2: Working principle of an EPE double-ended telescope. The polyimide layer stops ions but lets electrons pass, whereas on the other side electrons are deflected by magnets and ions pass unaffected. The thin detector on the right side enables the separation of different ion species via the d E/dx vs. E-method (in the MeV/nuc energy range; for the separation at lower energies see text).
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Figure 3: Electron Proton Telescope on Solar Orbiter (EPT) EM measurements with a Bi- 207 source. The conversion electron lines at 482 keV and 554 keV are seen on the PI-side (Det 1) but vanish on the magnet-side (Det 2).

The permanent magnets of one sensor head (double-ended telescope pair) form a quadrupole, significantly reducing the far field. The far field is reduced even further by the other sensor head on the same unit, since its quadrupole forms an angle of 70° with respect to the first sensor head. Each of the two identical MEPS units integrates the sensors and electronics in a single package. Right below the sensors in the electronic box are the preamp boards, followed by an analogue board and the back-end electronics (digital and LVPS-board[s]). An additional partial redundancy is accomplished through the policy of two independent units, ensuring that data (albeit degraded) will be available in case one MEPS unit fails. Pre-flight ground energy calibration (1 % level) of all detector elements, on-axis active area calibration, selected off-axis directions active area calibration and dead-time calibration will be performed. Calibration quality will be monitored in-flight using measured data and cross-calibration with suprathermal electron/ion instruments. It is clear that the current MEPS design exceeds the budget/allocation, and as such we would propose to discuss this with ESA/SSA and S/C prime how to proceed with the baseline design in phase A/B1.

Mechanical-Thermal concept design

The MEPS unit is mounted (using brackets) external to the spacecraft in any of the two positions shown in figure 4. Ideally, 2 MEPS on these two positions would be needed to increase the probability to see the onset of a solar event from a 50% to a 86% for a 1 min time resolution.
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Figure 3: Two possible S/C positions to accommodate a MEPS unit.

The MEPS pointing requirements are not very strict since the FoV is fairly broad. One field of view pair (electron/ion) on the MEPS unit shall point approximately parallel-antiparallel to the Parker spiral (45° in the ecliptic plane). The other two double ended FoVs shall point in different directions (approximately 60 – 70° away from the Parker angle) to cover the pitch angle distribution. The exact pointing directions shall be agreed during accommodation studies. Thus, the MEPS will provide 4 independent FoVs to provide a minimum pitch-angle coverage. The STEREO SEPT team have found that the four STEREO/SEPT FOVs are insufficient.
One unit MEPS consists of mainly three subassemblies, a CAD screenshot is shown in figure 1
· Electronics module  containing the power, analog-digital and preamplifier boards.
· MEPS-A sensor
· MEPS-B sensor
CAD screenshots of MEPS unit as well as all subassemblies are shown in figures 4 and 5
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Figure 3: Boards on the electronics module
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Figure 4: MEPS sensor head

All boxes are made of AL-6061 T6. The IF plate is bolted to the Lagrange S/C deck by means of 4 screws (TBC)
A passive thermal control design is foreseen for MEPS instrument. The unit passive thermal design is based on the assumption that the unit is thermally isolated from the S/C. This thermal design is done in EPT-HET (Electron, Proton Telescope- High Energy Telescope) in Solar Orbiter EPD (Energetic Particles Detector) In-situ payload.
For the passive thermal design, external radiators or radiative surfaces are considered for dissipating the internal power of the instrument to space. An independent power budgets for the operational and non-operational (survival) heaters are required. This power budget depends on the S/C and mission environmental conditions in different phases. In addition, based on the S/C thermal control design, for the unit survival heaters and their corresponding thermistors, a separate power/data line (survival connector) maybe needed in addition to the main connector between the unit and ICU.  This separate connector between the unit and the S/C is controlled by the S/C thermal control subsystem. 
The foreseen thermal hardware for the passive thermal design, consist of radiators with OSR (Optical Solar Reflector), SSM tapes (Second Surface Mirrors), MLI (Multi-layer Insulation), optical paintings, insulating material etc. 
Note: If the “unit is thermally isolated from the S/C” assumption is not applicable, the unit thermal design concept may change. This can be limited to the passive thermal control design or may result to a change from passive to an active thermal control design. 
Regarding the mechanical interface, the assumption is having a bracket as an interface between the unit and the S/C. The main points need to be considered for the mechanical interface (i.e. unit-S/C mounting bracket) are as following:
· Required mechanical fixation pattern defined by the mechanical design of the unit, i.e. enough number of the mechanical joints.
· Grounding location on the bracket.
· Preliminary information for the harness routing and purge pipe routing (if applicable) in the unit vicinity.
· Design characteristics such as structural stiffness and first resonance frequency.


MEPS electronics description

A block diagram of the MEPS electronics is shown in figure 5. MEPS electronics has four boards:
1. Preamplifier board
a. Charge Sensitive Preamplifiers for the detector signals
2. Analog board
a. Shaping the signals from the preamps and convert to digital ADC values
b. The FPGA on this board detects the peak of the shaper signals
c. Builds the PHA data
d. Contains the housekeeping ADC
3. Digital board
a. Builds the data products
b. Manage the communications with the DPU
4. Low Voltage Power Supply (LVPS) board
a. [bookmark: _GoBack]Supply different voltages to the different boards.
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Figure 5: MEPS Block diagram


Figure 6: MEPS instrument function block diagram


Instrument operation concept

MEPS operational concept
Power off: Sensor unit is not powered. Power on will transition sensor unit to Unconfigured mode.
Unconfigured: Sensor unit is powered, but not configured. Sensor unit accepts command messages, but does not autonomously create any telemetry. Sensor unit can safely be powered off anytime. Sensor unit can be transitioned to Standby or Operational by commanding with a sensor message.
Standby / Housekeeping: Sensor unit is configured to process and telemeter housekeeping data. Sensor unit accepts command messages, Detector frontend is disabled, so no science data is taken, processed or telemetered. Sensor unit can safely be powered off anytime. Sensor unit can be transitioned to Operational or Unconfigured by commanding with a sensor message.
Operational / Science + HK: Sensor unit is configured to process and telemeter housekeeping data. Sensor unit accepts command messages. In addition, detector frontend is enabled, particle events are accepted and processed. Generates science telemetry. Sensor unit can safely be powered off any time. Sensor unit can be transitioned to Standby or Unconfigured by commanding with a sensor message.
Burst mode
In operational mode, sensor units generate burst science data packets as well, and send them to to the DPU. DPU can  directly send the data to telemetry, store it for on-demand access, or discard it. Hence “burst mode” can be activated on DPU side by enabling the buffering and/or sending of the received burst data packets. If a buffer is used, it will be possible to request “old” burst data by requesting parts of the previously buffered burst data.

As an alternative it is possible to accommodate a dedicated burst mode in the sensor unit configuration tables, during which the sensor units will generate different science data telemetry. The transition to burst mode can then be commanded exactly like a transition to standby or operational mode, outlined above.
Other modes
In theory any further amount of (operational) modes are possible, depending on the EEPROM configuration, so the proposed Operational and Standby modes are the minimal set of modes, arbitrarily more can to be configured and used.

Instrument data products
The science data products are completely configurable during flight. The sensor frontend (“the detector”) will produce PHA records, which are analyzed and stored into a histogram by a configurable trigger engine. A 2D histogram for Solar Orbiter EPT (similar to MEPS) is shown in figure 7.
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Figure 7: 2D histogram for EPT Solar Orbiter
The data product engine can compute configurable “windows” (shown as black box in the image) from this histogram to create the actual data product telemetry. Each box corresponds to one data item (a number) which is the sum of all the histogram counts inside this box.
The data items can be sent as 24 bit integer, as 8 bit base2-logarithmic numbers or 16 bit float. As an additional mode the data items can be run-length-encoded with a differential encoding scheme, and optionally compressed. This can reduce telemetry by a huge amount in case of stable/constant measurement environment.
As an additional data product the sensor can send a subsample of the measured single events as PHA records.
All of this functionality is implemented in the FPGA, and can be controlled by messaging, to change the configuration. No software is involved.
Since this processing is configurable, an estimation of data rate is not possible at this point. The data products can be tailored to the required scientific aims, and the data rate can be tailored to the data rate requirements on the instrument, for example by changing cadences or energy binning, etc.
The ADC to energy calibration of the sensor will be already implemented as part of the configuration, and is used to create the histogram. 
If the data product scheme outlined above is used, the task of the DPU would be to gather and package the received data items, but no further processing of the raw science data itself will be necessary. This option mandates no dedicated knowledge of sensor configuration or design by the DPU. We assume that the sensor science data packets will be buffered and packaged into larger packets by the DPU, to minimize overhead due to packet headers, and offer the ability to coordinate telemetry windows/allotment.
It is an option to send the histogram as a whole to the DPU, and leave the data product generation (windowing, compression, etc.) to the DPU itself. This likely reduces the possible cadence of data products, since a whole histogram (or multiple histogram) is more data than the windowed data products. It will be the task of the DPU to generate the final data pakets. This option needs sufficient insight into the sensor configuration and histogram generation algorithms to be implemented in DPU software.
Another option is to stream the PHA data to the DPU, via a high-throughput data link from the sensor units. Calibration, histogramming and data product generation will be done by DPU (or even only on ground?). This mandates intricate knowledge of the sensor configuration, design and operation.
A possible data product configuration including telemetry allocation (for 2 MEPS units) could look like this:



Calibration plans
On-ground calibration plan: Most checkouts will be done with radioactive sources. The electrical model will be calibrated at CAU with available radioactive sources and our ion and electron source.  For the electrical and flight unit calibration, we will also use the PTB accelerator facility in Germany (TBC) and HIMAC accelerator facility at Japan (TBC).  
Flight calibration: During instrument commissioning, ambient particle intensities will be used to check the MEPS performance. If available, observations from other particle instruments (e.g. STEREO/SEPT, ACE/ULEIS, STEREO/SIT, SO/EPD) near LGR will be used to cross-calibrate the MEPS instrument response.  
MEPS does not require special spacecraft manoeuvres or operations during flight calibration.
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  Protons Electrons Ions cadence [s] channels Bits/channel bits per second no. of data products

Spectra 32/64 ch 16 ch 10x16 ch* 8 300 240 24 153,60 240

PHA 16 PHA words 16 PHA words 32 PHA words 8 300 64 64 109,23 64

8 ch 8 ch 8 60 16 24 51,20 16

Counters 8 300 3 24 1,92 3

1 penetrating protons 8 300 1 24 0,64 1

1 penetrating alphas 8 300 1 24 0,64 1

1 penetrating heavy ions 8 300 1 24 0,64 1

8 300 3 24 1,92 3

Housekeeping 6 temperatures per unit 16 bit each 2 300 6 16 0,64 6

24 leakage currents per unit 16 bit each 2 300 24 16 2,56 24

16 voltages 16 bit each 2 300 16 16 1,71 16

16 reserve 16 bit each 2 300 16 16 1,71 16

Configuration dribble 256 bits 2 300 1 256 1,71 1

Reserve 671,90

Total 1000,01

* 10 species (He3, He4, C, N, O, Ne-S, Fe, Ni, reserve)

#Telescopes/

units

High-time 

resolution data

3 A/C counters per 

telescope

3 single segment counters 

per telescope


Microsoft_Excel_Worksheet.xlsx
Sheet1

		 		Protons		Electrons		Ions		#Telescopes/units		cadence [s]		channels		Bits/channel		bits per second		no. of data products

		Spectra		32/64 ch		16 ch		10x16 ch*		8		300		240		24		153.60		240

		PHA		16 PHA words		16 PHA words		32 PHA words		8		300		64		64		109.23		64



		High-time resolution data		8 ch		8 ch				8		60		16		24		51.20		16



		Counters		3 A/C counters per telescope						8		300		3		24		1.92		3

				1 penetrating protons						8		300		1		24		0.64		1

				1 penetrating alphas						8		300		1		24		0.64		1

				1 penetrating heavy ions						8		300		1		24		0.64		1

				3 single segment counters per telescope						8		300		3		24		1.92		3



		Housekeeping		6 temperatures per unit		16 bit each				2		300		6		16		0.64		6

				24 leakage currents per unit		16 bit each				2		300		24		16		2.56		24

				16 voltages		16 bit each				2		300		16		16		1.71		16

				16 reserve		16 bit each				2		300		16		16		1.71		16

				Configuration dribble		256 bits				2		300		1		256		1.71		1

																Reserve		671.90

																Total		1000.01





		* 10 species (He3, He4, C, N, O, Ne-S, Fe, Ni, reserve)
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