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ABSTRACT

SWAP (Sun Watcher using Active Pixel System detector and Image Processing) is an instrument that has been selected

to fly on the PROBA-II technology demonstration platform, a program of the European Space Agency (ESA) to be

launched in 2006. This paper presents the instrument concept and its scientific goals.

SWAP uses an off-axis Ritchey Chretien telescope that will image the EUV solar corona at 19.5 nm on a specifically

fabricated extreme ultraviolet (EUV) sensitivity enhanced CMOS APS detector. This type of detector has advantages

that promise to be very profitable for solar EUV imaging. The SWAP design is built on a similar concept as the
MAGRITTE instrument"” suite for the NASA Solar Dynamics Observatory (SDO)mission to be launched in 2007. The

optics have been adapted to the detector size. The SWAP PROBA-2 program will be an opportunity to demonstrate and

validate the optical concept of MAGRITTE, while it will also validate space remote sensing with APS detectors.

On the science outcomes, SWAP will provide solar corona images in the Fe XII line on a baselined 1-min cadence.
Observations with this specific wavelength allow detecting phenomena, such as solar flares or ‘EIT-waves’, associated
with the early phase of coronal mass ejections. Image recognition software will be developed that automatically detects
these phenomena and sends out space weather warnings. Different modules of this software will run both on the ground
system as well as on the onboard computer of PROBA II. The SWAP data will complement the observations provided
by SOHO-EIT, and STEREO-SECCHI.
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1. INTRODUCTION TO PROBA-2

The PROBA-2 small satellite (> 120 kg), to be developed under an ESA General Support Technology Program (GSTP)
contract by a consortium led by Verhaert Design & Development (Belgium) has two main mission objectives: (i)
perform an in-flight demonstration of a series of new spacecraft technologies and (ii) support a scientific mission of a
set of selected instruments. As a follow on of PROB/Auccessfully in orbit since October 2001, the performances

and the autonomous functions previously demonstrated by PROBA-1 will also be met or exceeded.

The technology demonstrations are in the field of avionics, spacecraft attitude control, power system and spacecraft
propulsion. Two instruments are dedicated to the observation of the Sun, SWAP (imaging instrument) and LYRA
(radiometer instrument), and two others are dedicated to plasma measurements. Possibly an Earth observation
instrument will be included as well.

*Correspondence email: jmdefise@ulg.ac.be, phone: +32 4 367 6668, fax: +32 4 367 5613
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Figures 1 and 2 show the preliminary accommodation concept of PROBA-2, with LYRA and SWAP emerging on the
sun side of the payload.

SWAP

instrument
entrance
Figure 1: View of the Proba-2 spacecraft Figure 2: PROBA-2 Payload (part)
2. SWAP OBSERVATIONS AND SPACE WEATHER APPLICATIONS

SWAP builds upon the heritage of the Extreme ultraviolet Imaging Telescope’ (EIT) onboard the joint ESA-NASA

mission SOHO. The latter monitors the solar corona since 1996. In its nominal ‘CME watch program’, EIT takes an
image in its 19.5 nm bandpass every 15 min. The EIT instrument has proved to be particularly useful for space weather
monitoring. A studyon the European space weather assets conducted by the Rutherford Appleton Laboratory on behalf
of ESA came to the conclusion that “the main European contribution to current space weather monitoring is ESA’s
SOHO mission, in particular through the Images from the LASCO and EIT instrument” .

The 19.5 nm bandpass that SWAP will inherit from EIT gives indeed a particularly broad view on the ‘solar weather’.
Single 19.5 nm images already give important information on the location of coronal holes (the source of high speed
solar wind streams), active regions (potential source of solar flares) and filaments (potential eruption sites). Following
the temporal evolution of these features as they rotate, gives additional important inputs to space weather forecasters.

Yet, accurate monitoring is only achieved by having high cadence time sequence of 19.5 nm images. Such sequences
give information on more subtle events like EIT waves (faint global waves propagating across the solar disc from the
CME eruption sit8, coronal EUV dimming regions (transient coronal holes from where the CME material has lifted

off) and filament instabilities (a specific type of flickering during the rise of a filament that could serve as a CME
precursor). Systematic detection by the SWAP instrument of these phenomena that are associated with the early
development of CMEs allows to pinpoint the source region of coronal mass ejections and let differentiate between
back-sided and front-sided halo CMEs. The accurate idenfication of the last type of CMEs gives a 3-day warning
before the CME can hit the Earth magnetosphere and cause geomagnetic storms.

SWAP will continue the systematic CME watch program of the aging EIT instrument, but at an image cadence (1 image
every minute instead of every 15 minutes) that is more adequate to its spatial resolution (2.6 arcsec). Most space
weather significant events last on the order of 30 min to 45 min: EIT waves (45 min), prominence eruptions (30 min)
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and flares (M-flare: 24 min, X-flare: 30 min)’. This means that the EIT CME watch was sufficient to record the
occurrence of these events, but not their temperature evolution (in the case of EIT waves or eruptions), or peak emission
(in the case of flares). Thanks to this higher image cadence, SWAP will be a solar monitor capable of recording the
time-evolution of every event in the low solar corona that might be of relevance to the space weather.

Figure 3: A 19.5 nm image taken by EIT on
2003/06/24 showing a filament channel (A),
an active region (B) and a corona hole (C).
Since SWAP will be launched with the
PROBA-2 spacecraft in 2006, close to solar
minimum, the EUV coronawill be simpler and
more resembling the one shown in fig. 4 . Yet
any of the features A,B, C will occasionally be
present and able to drive space weather
disturbances.

SWAP has awide FOV, similar to EIT. However whereas EIT is mounted on large platform (SOHO) with fixed sun-
centred pointing, SWAP is mounted as the main instrument on a small platform. It is therefore in principle as flexible
as, e.g., TRACE?®, in changing its pointing. This opens opportunities for enlarging the FOV by paving the immediate
neighbourhood of the Sun or to occasionally follow automatically eruptions as they lift off from the Sun. Joint
observation campaigns with coronagraphs on other platforms could thus become possible.

Figure 4: On the left, an EIT image in the Fe XII
band pass (19.5 nm) taken on 1997/05/12, just prior
to a coronal mass gjection. On the right, a processed
image showing clearly the EIT wave and coronal
dimmings. This event was the earliest warning of the
halo CME that later hit the Earth magnetosphere and
produced an intense geomagnetic storm (peak Dst <-
100) two days and 22 hours later.

The APS and its associated smart electronics will not only improve the overall performance of the instrument. Through
the non-destructive read-out (NDR), and random access of its pixels, fast changing regions will be sampled and
monitored at a high cadence rate. This delivers for the first time temporal series of the highest interest for contextual
flare to smaller brightenings studies.

The combination of shutterless (nominal) operations and NDR will naturally maximize the signal-to-noise ratio in the
dimmest part of the image. With CCDs, the low signals are contaminated and made noisier by their (charge) transfer
through brighter regions. Furthermore, the integration time is limited by the saturation of the first pixels. These two
deleterious effects will not happen in SWAP thanks to its APS camera; this is particularly useful when off-pointing to
the extended Corona. These new observations far above the limb require careful optical design of the stray-light
rejection. If this operation scheme is implemented on PROBA-2, it is anticipated to overlap SWAP EUV observations
with white-light coronagraph data to 2-6 solar radii, at least during CME passages.

An image processing pipeline will automatically detect the occurence of the above mentioned space weather related
events in the stream of SWAP data. This pipeline will be implemented at the ground segment and will produce event
catalogues and near real time warnings for space weather monitoning applications. In addition, it is also foreseen to run
image recognition software onboard the spacecraft. This onboard module of the SWAP image recognition software will
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contribute to the demonstration of the autonomy of the PROBA-2 platform. The onboard module will target two
applications:. (1) prioritising the telemetry of images contai ning important space weather events and discarding others
images, (2) commanding offpoints of the spacecraft in the direction of an erupting CME.

3. INSTRUMENT DESCRIPTION
3.1 General description

SWAP is based on a Ritchey-Chretien off-axis telescope, used to focus the EUV light from the solar coronaon a CMOS
detector. The key elements of the instrument are the optics and the focal plane assembly, which are outlined in the
genera scheme of the instrument illustrated in figure 5.

The SWAP observations cover avery narrow spectral range centred on 19.5 nm with a FWHM of the order of ~1 nm, in
afield of view (FOV) of 45 arcmin. This spectral selection is performed with specific EUV multilayers deposited on the
mirrors used in quasi-normal incidence. This specific coating is designed and optimized to cope with the off-axis angles
and the stringent FWHM requirement. Additional light rejection will be provided by 2 auminium filters (=150 nm
thick), that will reject most of the visible and infrared solar radiation to avoid excessive heating of the mirrors. Those
very fragile filters require specific care for handling and mounting in the instrument.

SWAP will provide images similar to the EIT 195 A channel, as per figure 4 left.

This new compact off-axis design brings several advantages that make the instrument compatible with the PROBA I
platform:

- mirrors without central obstruction are smaller for a given area;

- smaller optical beam and small filters;

- off axis can allow compact baffling without high accuracy positioning;

- no need for an external baffle;

- small aperture thus large F# and low sensitivity to defocus and thermal distortion;

- small aperture thus small cover mechanism.

Entrance aperture Primary mirror——

Sun light
—— R TTEEET PP TP PP %
et N
EARREEEES S "\
\ Secondary mirror Detector—"

Figure 5. General concept of SWAP

The instrument concept is based on an optical baseplate, on which a 2-mirror telescope is mounted and aligned, to

produce a focussed image on a detector.

The baseplate holds the following elements:

- apair of mirrors;

- afocal plane assembly holding itself the detector, a set of calibration lamps and a radiator viewing cold space to
cool the detector through a cold finger;

- aset of aluminium filters with an aperture stop;
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- aset of optica baffle (plane normal to the baseplate) to avoid unwanted straylight on the detector;

- anélectronics unit to read the detector , drive and monitor the instrument;

- aone-shot opening aperture cover mechanism to protect the instrument during on-ground handling and launch
ascent.

A preliminary design of the instrument is shown in figures 6, 7 & 8.

entrance aperture secondary optical Cooling
(cover mechanism) mirror baffles radiator

optical bench

primary
mirror

Figure 6: Open view of the SWAP instrument (the detector is hidden under the radiator)

aluminium filters

detector

mechanism
(instrument
entrance)
primary mirror Secondary mirror
Figure 7: View of the rear section of SWAP Figure 8: View of the front section of SWAP

(rotated vsfig. 6)

3.2 Optical Design

The optical system has been designed with the parameters of table 1. In order to cope with the restricted available
volume and dimensions and to reduce the manufacturing cost of optical items, the design is based on a simplified off-
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axis Ritchey Chretien configuration. This design is derived from the optical scheme of SDO/MAGRITTE’, with
adjustments for the SWAP detector. The off-axis allows to optimize the optical throughput with a minimum entrance
aperture size (no central obscuration) which is required by the use of a front commercial LUXEL aluminium foil filter
to regject the visible and IR light flux.

Two auminium filters are required: one is mounted at the entrance pupil and the second close to the focal plane
assembly. As shown in figure 9, to avoid a double pass into the front filter, the entrance pupil is located in the plane of
the secondary mirror (diaphragm in fig. 9). This configuration limits the field aberrations as well as the design off-axis
and by this way the incidence angle on multilayer coating on mirrors which makes the spectral rejection. The incidence
angles on the mirrors are maintained below 6.2 arcdeg.

Field of view: 45 arcmin square
Spectral 195 A central wavelength
wavelength: (2 nm FWHM bandpass)
Entrance pupil: 33 mm diameter
Focal length: 1173 mm
Detector CMOS STAR1000
1024x1024 pixels - 15 pm pitch
Total track: <450 mm

Table 1: Design parameters

In order to simplify the manufacturing, the secondary mirror is made of a 26.5 mm diameter sphere. The 44 mm
diameter primary mirror is tilted to compensate the aberrations. The primary mirror aspherisation is small and allows a
direct interferometric measurement without costly null lens.

The off-axis configurations allows an efficient and simple baffling system without needing an external front baffle that
would have been out of the total track requirement. The baffling system is composed by 2 simple planar baffles, one
from the secondary mirror going towards the primary mirror and the second from the primary mirror going towards the
secondary mirror. It prevents any direct straylight propagation from the entrance pupil towards the focal plane.

Di aphr agme Pri mary
Seco[p —]
FPA

Figure 9: Optical design
33 EUV Multilayers

In order to achieve the required instrument throughput, both primary and secondary mirrors will be covered by
multilayer coatings optimized for 19.5 nm high reflectivity.

Mo and Si materials have been chosen both for their optical and chemico-physical properties. The optical contrast of
their refraction indexes guarantees a high reflection coefficient at each single interface; their low miscibility and limited
chemical reaction at interfaces provide the necessary stability in time of the layers structure. These properties have been
already verified with the EIT solar instrumémin board of the SOHO platform. That instrument, a Ritchey-Chretien
telescope with two Mo/Si multilayer coated mirf8yds acquiring images of the full sun disk in the EUV spectral

region since 1995.
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Mo/Si parameters optimization has been performed according to SWAP optical design and mirrors specifications. The
incidence angle map on mirror M1 and M2, as the one reported in fig. 10, have been considered. The mean incidence
angles have been calculated on both mirrors, and multilayer parameters have been optimized in order to have the
spectral reflectivity peak at 19.5 nm for those incidence angles.
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Figure 10: Incidence angle contour plot of mirror M1 (arcdeg)

Due to similar incidence angle distribution values, structural multilayer parameters for mirror M1 and M2 have been
assumed to be the same (tab. 2). As a cap-layer, 15 A of Si will be further deposited on top of the layer stack. Part of
this top layer will naturally oxidize forming a stable native oxide protection of the structure.

Simulation of each multilayer response has been performed with IMD software. The reflectivity curve for an ideal
multilayer (i.e. in absence of interface roughness and interlayer compounds) is reported in fig. 11.

M1 M2

Mean incidence angle 2.5° 4.5°
Incidence angle range 2-35° 3.5°-5°
Multilayer
Top layer a-SiQ10 A a-SiQ 10 A

aSi  5A a-Si  5A
N of layers 30 30
Period d 101.5 A 101.5 A
I amord 0.24 0.24

Table 2: Multilayer coatings structural parameters

In order to verify the performances of the same multilayer structure at the different incidence angles on the mirror

surfaces, simulations with extreme values of the incidence angle range have been performed for both mirrors. The
results show that peak position and curve profile variations are negligible.

Theoretically, in order to calculate the final performances of the two-mirror system together, for each point source in

the FoV, the R'™™? reflectivity curve should be evaluated using the distributiof,¢W((number of rays wittd

incidence angle on M1 anjdon M2) according to the following formula:
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DML ZAAEAD)
! 5, me.9,)
with
- m(6;, ¢;) fraction of rays reflected by M1 with an angle 6; that has a ¢; incidence angle on M2

- ry.: reflectivity of M1 for an incidence angle 6;
- 1y reflectivity of M2 for an incidence angle @

Since the angular spread on both mirrors M1 and M2 in this design is very small, only two representative cases rj* Iy,
have been considered, without weighting for the m factor, and without considering each single FoV:

- caeA:0=2°¢=3.5°
- case B8 =3° ¢=5°

The results of simulation are reported in fig. 12. These simulations reveal that the spectral shift of the bandpass is
absolutely negligible and that the coating will perform uniformly over the whole field of view.

0.5 0.5
A: Peak position 195.2 A and R=0.243
04+ 0.4 B: Peak position 194.8 A and R=0.240
2 2
S 031 = 0.31
8 8
©
E:S 0.2 - x 0.2
0.1 1 0.1
0 0.0
17 17 21
Wavelength (nm) Wavelength (nm)
Figure 11: Multilayer theoretical reflectivity curve Figure 12: Theoretical reflectivity including the effects

of the non-normal incidence (case A & B)

Multilayer coatings'"'> will be deposited through magnetron sputtering techniques, in a 13.56 MHz excited Ar plasma.
The deposition system has the capability of depositing two 80 mm diameter samples in the same session. Standard
nuclear and optical techniques, like RBS and XRR, will be used in order to optimize the process and check multilayer
deposition.

Sample mirrors reflectivity measurements will be performed using a dedicated grazing incidence spherical grating
monochromator located in the same area as the deposition facility, in order to provide feed-back on test sample
deposition process. In order to perform a more detailed analysis of the multilayer performances (polarization
dependence, scattering etc), some measurements will be performed at ELETTRA synchrotron beamline BEAR (Trieste,

1.
4. DETECTOR

For SWAP the SWAP detector, the baseline is to use an existing APS-CMOS detector that will be supplied by
FillFactory (B). Two candidate sensors are foreseen: STAR 250 with 512 x 512 pixels and STAR 1000, containing an
array with 1024 by 1024 pixels at 15-um pitch. Both detectors include on-chip correction for Fixed Pattern Noise
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(FPN), a programmable gain output amplifier, and a 10-bit analog-to-digital converter (ADC), but they do not offer not
NDR operation.

The so-called "well-pixel" architecture provides afill factor close to 100% and a high charge to voltage conversion®. In
addition, all circuits are designed to be radiation-hardened, limiting the degradation of the average dark current to less
than 1nA/cm? after 3 Mrad exposure.

In order to reduce noise level, the detector is cooled down to a temperature of ~ —10°C. This allows a dark current shot
noise below 120 e- rms after 30s of integration time. With a readout noise of 54 e- rms per pixel, a signal to noise ratio
close to 10 can be reached in the worst case of quiet sun regions radiance (see sec. 5.2)

The product Quantum Efficiency x Fill Factor is above 20% in the spectral range 450 — 750 nm. In order to obtain a
detection sensitivity in the EUV range, a specific enhancement is needed, based on the use of phosphor-like scintillator
coating. A coating provided by Applied Scintillation Technologies (UK) will be evaluated in a first step, with two back-

up solutions already identified. The first one is Lumogen coating that was previously used on TRACE*miidsion

second one is the Metachrome coating, offered by Roper Scientific.

Another option for SWAP detection is the use of the “next generation” APS detector, which are developed for future
star tracker application in the scope of a European Space Agency (ESA) program. These sensors are still in the design
phase, but the target performances foreseen for the High Accuracy Star tracker (HAS) detector show particular
promises for an eventual application to SWAP configuration. Among the different advantages of the HAS, the
following ones can be underlined:

- Dark current amplitude: the present level of STAR 1000 (around 470 e-/s at-10 °C) should be improved in the
range 50 to 200 e-/s.

- Readout Noise: instead of having a readout noise at 54 e- (STAR 1000 level), this new detector would allow a
noise level in the range 5 ~ 10 e- rms.

- Efficiency: the sensor shall have a sensitivity (defined as Fill factor x Quantum Efficiency) of greater than 40%
average over the visible spectral range.

- Possibility to operate in non destructive read-out (NDR) mode. Integration time can then be adjusted per pixel
window.

The final choice for SWAP detection configuration will be done after experimental determination of scintillator layer
efficiency in the EUV range, and confirmation of expected performances of HAS detector.

5. INSTRUMENT PERFORMANCES
5.1 Optical performances

Theoretical analyses were run to optimize and evaluate the resulting performance of the SWAP design. The RMS spot
size is below 1.3 arcsec over a 45 arcmin circular field of view. The table 3 summarizes the expected RMS spot size
degradation contributions, while the rms spot (design value) is shown in all the FOV in figure 13.

The optical performances are very dependent on the mirror manufacturing (i.e. wavefront error) and on the inter-mirror
distance. On one hand, witih\&0 peak-to-peak surface error on both mirrors, the RMS spot size is degraded by 0.44
arcsec. On the other hand, with an inter-mirror distance variation lower than + 50 um, the RMS spot size degradation
(diameter) is more than 0.63 arcsec. This requirement will be handled by the thermo-mechanical design, that can
combine an aluminum structure with active thermal control, or a more temperature immune system requiring less power
for thermal control.

The S/C jitter contribution has been evaluated with preliminary data, assuming an amplitude of 3 arcsec in the
frequency range of 0.2 to 20 Hz and a 6 arcsec drift during exposure time (worst case, 60 s).
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RMS spot size 37 Pixel size
Contributions diameter L e X_ S'_Z _
degradations [um] ,g 25 - -
: 7.5 umat 22.5 ]
Design : ]
g arcmin FOV ® ol ]
Mirror figuring 0.2 um z 1
Mirror & ]
irregularities 25 Hm g
Alignment errors 1.16 pm g)} 1 ]
Launch effects 0.05 um Z ] E
In-flight conditions 3.6 um ]
S/C pointing 6.46 pm 0+ T —
Total 125.738 pm -30 -20 -10 0 10 20 30
(~2.7 arcsec) Field of view [arcmin]

Table 3: Summary of optical system
tolerances

Figure 13: Spot diameter in the FOV of SWAP

5.2 Instrument response

The efficiency of the instrument is characterized by the signal to noise ratio, that will be evaluated in different signal

conditions. A theoretical response model of the instrument has been built, including the response of all the optical and

detector elements.

- The EUV mulitlayers have been modeled according to the results of the study summarized in fig. 12.

- The aluminum filter data are using Luxel filter properties for 1500 A aluminum layer, including the grid
transmission (82%) and an oxide layer.

- The scintillator quantum yield is taken 100%, giving a scintillator efficiency of 50%, since only half the visible
photons are emitted towards the detector, the other half being emitted backwards.

- The detector sensitivities in the visible range are stated in paragraph 4.

The results of this model are summarized in fig. 14, showing the effective area, which is defined as the product of the

optical efficiencies (geometric area, mirror reflectivity, filter transmission, and quantum efficiency).

This instrument response model has been convolved with the theoretical radiance levels at instrument entrance derived
from the CHIANTI databas& The signal-to-noise ratio (photon statistics) achieved after a 30-second exposure time,
with both current STAR1000 detector and next generation HAS detector, is shown table 4. The results for the HAS
detector option are based on conservative values (predicted thermal noise,...).

10
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P iy STAR1000
© = = =HAS
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w
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Figure 14: SWAP instrument wavelength selectivity
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Detector Effective Area (mm?) Quiet Sun S/N Active Region S/N
STAR1000 15 6.4 103
HAS 3.0 18.3 183

Table 4: SWAP signal to noise ratios (Quiet Sun and Active Regions correspond
respectively to zones C —dark regions- and B —bright regions- of fig 3)

The additional possibilities available with the readout of the HAS detector will allow different exposure times in
different image areas, this will improve significantly the signal-to-noise ratio in the quiet Sun regions.

6. CONCLUSIONS

SWAP is a compact instrument of the 10 kg-class, that will provide science observation for the solar physics
community. Besides space weather observations, the SWAP instrument is also a technological demonstrator, using a
novel compact off-axis optical design validating the optical concept of SDO/MAGRITTE. The instrument configuration
provides also the possibility to integrate the recent developments performed in the field of CMOS detector technology,
for the High Accuracy Star Tracker application. A preliminary assessment shows that the EUV enhancement of the
detector is one of the most challenging aspect of the mission. Finally, SWAP will fully exploit the on-board autonomy
philosophy, demonstrating image processing, data compression and filtering.

Future studies are planned to exploit the agility provided by the PROBA-2 platform. The off-pointing capability could
allow a significant enlargement of the scientific field of view, with other important science outcomes. Design analyses
will be conducted to analyse how to provide the adequate damping of the EUV straylight produced by the vicinity of the
Sun close to the FOV during off-pointings.
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