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1. Introduction

The aim of this report is to determine the detector development requirements for the Solar Orbiter remote sensing payload and to establish a method to ensure that the relevant developments are promoted. The main issues are:

· Detector format requirements such as array size (i.e. resolution), and pixel size.

· Wavelength coverage requirements: Visible, VUV, EUV, quantum efficiency, stability, ease of calibration.

· Readout speed to achieve the cadence requirement, and to avoid a shutter mechanism.

· Thermal requirements evolving from an instrument’s minimum exposure time or cadence requirements for a given instrument sensitivity, and detector material leakage current. 

· The radiation and particle environment, which will be critical in making a detector choice.

· Sensitivity to contamination

Experience with the inter-calibration of SOHO UV/EUV instruments has shown that degradation in responsivity was mainly due to shortcomings of the detector technology used. These can be prevented in future missions by the use of new detector systems that would not need cooling (if this is realistic) or by removing the need for micro-channel plate intensifiers that entail high voltages and quantum efficiency degradation.

The new detectors must be sensitive to the VUV and/or the EUV. For the imaging instruments on Solar Orbiter the expected UV flux per imaging element (count-rate per pixel) is not higher than for previous instruments, while the anticipated cadences are higher. Thus, a good EUV sensitivity is essential. A very low dark-current signal is needed or a photon counting capability must be studied. Photon counting inherently solves the DC concern, but not the effective area issue. Solar-blindness of the sensors can improve dramatically the instrumental effective area and hence the statistics.

2. Array Size/Resolution and Pixel Size

The current strawman payload instrument designs being considered by the remote sensing portion of the Solar Orbiter Payload Working Group, and as submitted to the ESTEC Project Team in the Payload Definition Documents (PDDs) call for detector formats of up to 4k x 4k pixels of various pixel sizes. These are specified in the table.

Instrument
Array Size
No. of Detectors
Pixel Size
Sensitive Range

EUI
Up to 4k x 4k

2kx2k in the PDD
4
9 μm
EUV and VUV

EUS
4k x 4k
1-2
5 μm
EUV and/or VUV

UVC
2k x 2k
1
25 μm
UV/Visible

VIM
2k x 2k
1
10 μm
Visible

HI
2k x 2k
1
TBC
Visible

STIX
See below
2
TBC
X-ray and visible

Pixel size will have a direct bearing on the size and mass of the remote sensing instruments through their optical designs. Small pixels lead to shorter and thus smaller camera optics, but they generally come with smaller signal to noise ratio (SNR), and sensitivity. Some compromises between resolution and pixel size may be inevitable.

The above table does not include the in-situ strawman instruments. Also not included is the RAD instrument, which would use an active cavity detector. Two further remote sensing options are being considered, which are not part of the core strawman payload, namely a visible light Heliospheric Imager (HI), which would use a 2k x 2k APS front-illuminated detector, and a High Energy Imager (STIX), which would use CdZnTl detectors to detect 3-150 keV X-rays, but would also use an APS visible light detector for aspect measurement. These are included in the Table.

3. Wavelength Coverage

Current strawman payload instruments work from the EUV through to the visible as shown above. Detector materials and technology will be critical, and must be tailored  to the waveband of interest; i.e. the sensors will have to be optimised differently depending on the wavelength range of interest. It would be useful to assess as soon as possible the need to have imagers in the more difficult VUV range (e.g. Lyman-alpha).

4. Thermal Requirements

Detector SNR requirements and hence, cooling requirements will depend on an instrument’s exposure timing, sensitivity requirements, and the detector’s inherent readout noise and thermal leakage current. The detector’s leakage current will depend on the leakage within the detector material itself, and in the silicon readout circuit (ROIC) in the case of hybrid detectors. Each instrument will need to trade overall sensitivity against detector readout noise, and the leakage current accumulated between readouts. 

5. The Radiation / Particle Environment

We may anticipate a solar wind ‘background’ proton flux some 25 greater than that of SOHO (assuming 1/r2). For an average flux at 1 AU, of density 9 cm-3 (average speed and temperature of 300 km/s and 4 x 105 K (3.5 keV)) we expect 225 cm-3 at 0.2 AU. Thus the nominal particle environment will be similar to some modest storm events detected by SOHO, which have proven to be quite disruptive to some observations. 

There may also be an increased chance of encountering proton ‘storms’, due to vicinity, from shocks associated with mass ejection, with up to thousands of proton hits per second. One might expect events similar to those experienced by SOHO, with greater intensity, and, in addition, some near-Sun events may be generated by lateral expansion of CME disturbances (e.g. consider the coronal ‘EIT’ waves). The exact intensities remain unknown. The geometrical factors and magnetic configurations, which may play a role in defining the chance of occurrence are also largely unknown.

Also, we anticipate occasional impacts from solar flare neutrons whose 15.5 minute lifetime means that most missions do not encounter them.

Finally, we anticipate a similar cosmic ray (non solar) flux to that at SOHO. 

The net effect is an increase in particle hits, with some extreme conditions including occasional neutrons.

6. Detector Options

6.1 CCDs

The most significant concerns with current science-grade CCD technology are:

· Radiation damage.

· Minimum pixel size – probably 10 microns.

· Array format – 4kx4k pixel sensors still in development (e.g. 4k x 4k CCD detector is being planned for NASA's SDO). 

The particle environment, which will be encountered by Solar Orbiter means that  CCD-type detectors will most likely be inappropriate. The radiation damage in CCDs is mostly caused by the creation of charge traps reducing the charge transfer efficiency (CTE) (Ref. 1).

The current optical design of the EUS instrument requires a detector pixel size of ~ 5 microns for a realistic accommodation of the instrument on the spacecraft.  

6.2 Active Pixel Sensors (APS)

Monolithic silicon Active Pixel Sensors (APS) are a more realistic option for Solar Orbiter because they promise:

· Much Greater radiation tolerance than CCDs.

· Smaller pixel size (Ref. 2).

· Integration of on-chip readout electronics (e.g. RAL have already developed a 1 MHz 16 bit ADC in 0.35 μm technology and are currently transferring the design to 0.25μm for integration on a future 4kx4k APS - Ref. 3).

· Fast read-outs

The radiation hardness of silicon APS detectors is much higher than for CCDs because the CCD’s CTE degradation is not applicable (ref. 2). There is no large-scale charge transfer; each pixel’s charge is sensed and buffered within the pixel. Charge collections efficiency may degrade, but there are good reasons to believe the effect will be at higher radiation levels than in CCDs. Some investigative work is required.

Compared to current science-grade CCDs, CMOS APS pixels can be made very much smaller enabling shorter camera optics systems, and leading to very much smaller and lighter instruments.

In contrast to CCD technology, the readout electronics for CMOS APS detectors can be incorporated on-chip leading to large savings in readout electronics size, mass, and power (Ref. 2). 

The most significant question for APS technology is wavelength coverage.

The imaging and spectroscopy requirements for Solar Orbiter (EUI, EUV, UVC, VIM as well as HI and STIX) call for large arrays and small pixels. 

Although there are several companies, world-wide, producing APS detectors, almost all are aimed at the commercial markets. A 4k x 4k APS 5 micron array has been fabricated in the USA but not with science-grade performance or EUV/UV sensitivity in mind. 

6.2.1 Front illuminated APS detectors

For the visible detectors for VIM and UVC (also HI and STIX), front illuminated APS devices may be used. Detectors of applicable format and pixel size may be expected within the next 12 months. 

6.2.2 Back-thinned APS detectors

Recognising the importance of APS technology for future space flight instrumentation, the Rutherford Appleton Laboratory (RAL) has initiated a research programme to develop large format science-grade arrays with small pixel sizes. Also recognizing the requirement for EUV/UV sensitivity for Orbiter, and other missions, a collaboration has been set up between RAL and E2V (Marconi) in the UK with the aim of developing the technology necessary for successful thinning and back-illumination of CMOS sensors. The back-thinning of CCDs is a well established technique at E2V, and has been used for numerous space applications. This technology is now being applied to the APS. The aims of the work co-ordinated through RAL, with emphasis on APS detectors and on Solar Orbiter in particular, are given at http://www.orbiter.rl.ac.uk/solarorb/rspwg/actions/raldetectors.ppt. 

Development work so far has led to a front-illuminated APS with 512x512 pixels (Ref. 2) . Samples have been thinned by E2V and delivered recently (December 5, 2002). The thinning work receives no direct funding and so progress to date has been on a ‘best efforts basis’. A new 4k x 3k APS with 5 micron pixels, and specifically designed with back-thinning in mind is due for delivery before the end of 2002. The aim of the programme is to provide EUV/UV sensitivity, for a large array with small pixels, and with good radiation tolerance.  

We anticipate that a 4kx4k 5-micron EUV/UV sensitive APS detector could well be readily available within 2 years given appropriate support.

6.3 The Bold Detectors

A consortium (the BOLD consortium) has been set up with the goal to develop new APS-type UV detectors with wide-band gap materials (e.g. Diamond and Nitride materials). The basic goals of these devices are:

· They are blind in the visible and near infrared, thus increasing the overall effective area in the VUV and EUV;

· Are designed to be directly sensitive to the EUV/UV, removing the need for microchannel plates (MCPs);

· Are rad-hard to SEPs (Solar Energetic Particles) and UV radiation.

· Benefit from all APS-specific gains

However, the approach does require the bump-bonding of a detector material on top of the ROIC.

The development of a prototype detector system is being supported by ESA (ref. 5). A full characterization including the responsivity measurement from the near-UV to soft X-rays, will be performed on the first prototypes during 2003. Further, such measurements will be undertaken, as necessary, at the LGEP (Near UV), the LPL (VUV), and the Berlin electron storage ring BESSY II by Physikalisch-Technische Bundesanstalt (PTB) in collaboration with the Max Planck Institut fur Aeronomie. The wavelength range is between 0.7 and 400 nm. The final characterisation will also include stability measurements under EUV radiation. A non-imaging prototype will fly aboard the LYRA instrument of the ESA Proba-2 micro-mission in 2004. This will measure solar irradiance in four EUV/UV channels.

The Web site for the BOLD consortium is at http://bold.oma.be/. It is co-ordinated through the Royal Observatory of Belgium, by Jean-Francois Hochedez, and includes the Max-Planck Institut fur Aeronomie, Lindau, Germany; the Institut d’Astrophysique Spatiale, Orsay, France; the XUV Laboratory of the University of Florence, Italy; the Universidad Politecnica de Madrid, Spain; Laboratoire d’Etudes des Proprietes Electroniques des Solides, France; Laboratoire de Genie Electrique de Paris, France; Laboratoire de Physique des Lasers, Universite Paris 13, France; Laboratoire pour ‘Utilisation du Rayonnement Electromagnetique, France; Centre de Recherche sur l’Hetero-Epitaxie et ses Applications, France; Instituut voor Materiaal Onderzoek, Belgium; and IMEC, Belgium. Other references for BOLD development work are given in Refs. 6 onwards.

7. PDD Choices

The overall detector requirements for Solar Orbiter, accounting for the radiation/particle environment, combined with the need to produce small, low mass, high resolution instruments (i.e. small pixels with large arrays) has led to the choice of detector arrays, pixel sizes and types as shown below for the UV/EUV and visible imaging and spectroscopic instruments.

Instrument
Array Size
Pixel Size
Sensitive Range
Detector Type

EUI
Up to 4k x 4k
9 μm
EUV
BOLD or APS back-thinned

EUS
4k x 4k
5 μm
EUV
APS back-thinned baseline, with BOLD as alternative.

UVC
2k x 2k
25 μm
UV/Visible
APS back-thinned with MCP and front illuminated APS

VIM
2k x 2k
10 μm
Visible
Front illuminated APS

In addition, the HI and STIX instruments refer to front-illuminated APS detectors.

8. Conclusions

It is clear that the remote sensing instruments on Solar Orbiter require the completion of some development work, both in the APS and wide band-gap technologies, if we are to make the mission deadlines, and that it would be prudent to liaise with the relevant groups to ensure that the requirements for Orbiter are catered for. To ensure this, it would be wise to provide some support for the relevant development work.

Specifically, the development of the back-thinned APS detectors and the BOLD solar-blind detectors are critical to Solar Orbiter. Thus, it is recommended that there be a project-wide approach to ensuring that Solar Orbiter’s needs are catered for in a timely manner in the detector development programmes. 

The following is a suggested programme of work, to be partly supported by ESA:

1. Set up a liaison mechanism with the detector groups to discuss and oversee the requirements for Solar Orbiter. This could be in the form of an ESTEC contact attending occasional review meetings and providing Orbiter requirement information. This must include the provision of Solar Orbiter specifications and requirements on the one hand (array sizes, pixel sizes, sensitivity ranges and values etc…), and a consideration of detector and technology specifications and requirements on the other. This could involve the Solar Orbiter Payload Working Group or the Solar Orbiter Science Definition Group, as appropriate.

2. Establish key milestones for development of Orbiter-required technology, e.g. prototype development dates and model specifications, and test activities.

3. Provide support for the development of a 4kx4k, 5 micron EUV sensitive back-thinned APS array, including test activities, to be ready during 2003. In particular, provide support for further work on the design and fabrication of optimal 5 micron pixel test structures, the thinning work at E2V (currently unfunded and progressing on a ‘best efforts basis’), and a more comprehensive test programme.

4. Provide support for the development of a large format small pixel size BOLD demonstration prototype, including test activities, targeted for completion before the 2004 Solar Orbiter A.O.

References:
(1)
M. Clampin, “Ultraviolet-optical charge-coupled devices for space instrumentation”, Opt. Eng. 41 (6), 1185-1191, 2002.

(2)
N.R. Waltham, M. French, M. Prydderch, Q. Morrissey, R. Turchetta, A. Marshall, J. King, and G. Woodhouse, (2002), CMOS Active Pixel Sensor developments at the Rutherford Appleton Laboratory, Proceedings of the Workshop on Scientific Detectors for Astronomy, June, 2002, Hawaii, in press

(3)
N.R. Waltham, M.J. French, L.L. Jones and G.F.W. Woodhouse, (2002) “The use of ASIC technology in the development of compact, low-power CCD cameras” Proceedings of the Workshop on Scientific Detectors for Astronomy, June, 2002, Hawaii. In Press.

(4)
J. Janesick, “Dueling Detectors”, Opt. Eng. 41, February 2002.

(5)
J.-F. Hochedez et al., “Blind to optical light detectors – A European investigation for UV sensing on-board the Solar Orbiter”, Proposal submitted to ESA, July 2002.

(6)
J.-F. Hochedez, E. Verwichte, P. Bergonzo,B. Guizard, C. Mer, D. Tromson, M. Sacchi, P. Dhez, O. Hainaut, P. Lemaire, P., J.-C. Vial, “Future diamond UV imagers for solar physics”, Physica Status Solidi Applied Research (a) 181, 141-149, 2000.

(7)
J.-F. Hochedez, P. Lemaire, E. Pace, U. Schühle, and E. Verwichte, E., “Wide bandgap EUV and VUV imagers for the Solar Orbiter”, SP-493, in proceedings of Solar Encounter, The First Solar Orbiter Workshop, Puerto de la Cruz, Tenerife, Spain, 14-18 May 2001, 245-250, 2001.

(8)
J.-F. Hochedez, P. Bergonzo, M.-C. Castex, P. Dhez, O. Hainaut, M. Sacchi, J. Alvarez, H. Boyer, A. Deneuville, P. Gibart, B. Guizard, J.-P. Kleider, P. Lemaire, C. Mer, E. Monroy, E. Muñoz,  P. Muret, F. Omnes, J.L. Pau, V. Ralchenko, D. Tromson, E. Verwichte, and J.-C. Vial, “Diamond UV detectors for future solar physics missions”, Diamond and Related Materials 10/3-7, 669–676, 2001.

(9)
J.-F. Hochedez, J. Alvarez, F.D. Auret, P. Bergonzo, M.-C. Castex, A. Deneuville , J.-M. Defise, B. Fleck, P. Gibart, S.A. Goodman, O. Hainaut, J.-P. Kleider, P. Lemaire, J. Manca, E. Monroy, E. Muñoz, P. Muret, M. Nesladek, F. Omnes, E. Pace, J.L. Pau, V. Ralchenko, J. Roggen, U. Schühle, C. Van Hoof, “Recent progresses of the BOLD investigation towards UV detectors for the ESA Solar Orbiter”, Diamond and Related Materials 11, 427-432, 2002.

(10) J.-F. Hochedez et al, “New UV detectors for solar observations”, SPIE Proc, August 2002, in press.

1
8

