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ABSTRACT

X-ray polarimetry of solar flares is still a not well established field of observation of our star. Past polarimeters
were not able to measure with a high significance the polarization in X-rays from solar flares. Moreover, they
had no imaging capabilities and measured only the polarization by integrating on all the image of the source. We
propose a mission concept based on a gas photoelectric polarimeter, coupled with multilayer lobster-eye optics,
to perform imaging-spectro-polarimetry of solar flares while monitoring the entire solar disc.
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1. SOLAR FLARES AND X-RAY POLARIZATION

Solar flares (SFs) are violent energetic phenomena taking place on our Sun that originate from magnetic re-
connection and can have a strong impact on human activities. SFs can trigger Coronal Mass Ejection (CME)
and Solar Energetic Particle (SEPs) events on the ground.! They can very often occur at release of a CME
from the Sun and contribute to it as a trigger mechanism for their release. A SF comprises a magnetic arc, a
loop-top source (where magnetic reconnection takes place) and footprints sources (with an average separation of
~ 30 arcsec) where accelerated particles impinge on the denser and lower layers of the solar chromosphere. The
energy spectrum of a SF is dominated by three components below 100 keV:

e emission lines below 10 keV;
e thermal Bremsstrahlung (expected weakly polarised);?

e non-thermal Bremsstrahlung emerging from about 10-30 keV3

Non-thermal Bremsstrahlung is expected to be highly linearly polarized. Polarization is linked to particle
directivity and beaming properties®>* and it is higher for non-turbulent magnetic fields where also particle
directivity is larger. X-ray polarisation would allow to disentangle different beaming models that could be
degenerated if assessed only through spectroscopy.? Imaging polarimetry of SFs in the 10-35 keV energy band
would allow to assess separately footprints and loop-top sources in an energy range where the hard X-ray flux is
higher.
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2. A PHOTOELECTRIC POLARIMETER FOR THE SUN

Photoelectric polarimetry is nowadays a well established observational technique (thanks to IXPE®) for astro-
physical sources other than the Sun. In a photoelectric polarimeter a photon entering in a gas cell is absorbed
via photoelectric effect producing the emission of a photoelectron and either a fluorescence or an Auger electron.
The probability of a Auger emission is higher for lighter gas mixtures, but it is still ~ 90% for K-shell of Argon.b
A gas cell 3 cm thick filled with an Ar/DME (60%/40%) gas mixture at 3 bar of pressure is suited to perform
polarimetry in the 10-35 keV energy band.” New detectors based on Timepix3/Timepix4 ASICs are under de-

Figure 1. Design of a new photoelectric polarimeter based on Timepix3 ASIC.

velopment for better performance in terms of dead time (10% at 10° cts/s) and polarimetric sensitivity, thanks
to 3D imaging of the photoelectron tracks (see Fig 1). See also SPIE contributions.®? The photoelectron tracks
are readout in the three dimensions for measuring both the azimuthal and polar angles of ejection. Polarization
is measured from the directions of ejection of photoelectrons, while imaging is obtained from the measurements
of the absorption points in the gas. The combination of both, if the polarimeter is coupled with X-ray optics,
allows to obtain polarization maps of solar flares in the X-rays.

3. HIGH-ENERGY/NARROW FIELD LOBSTER EYE OPTICS

In X-ray astronomy a Wolter-I design is often used for X-ray telescopes: it has good angular resolution (up to a
fraction of arcsec) but narrow field of view (tens of arcminutes), so making it necessary to point the telescope to
the active region on the Sun where the flare is expected to occur An alternative to the Wolter-I design is based
on the Lobster eye design (named for its resemblance to the eyes of crustaceans). Its spherical structure features
an array of small square tubes with reflecting surfaces. Lobster eyes optics for X-rays were introduced by R.
Angel in the late 1970s.'% Their optical design is suitable for imaging simultaneously the entire Sun in the hard
X-rays.

Lobster-eye systems are typically used with small focal lengths (< 1 m) to monitor large areas of the sky
(Field of View — FOV — of a steradian fraction) in the soft X-ray band with poor angular resolution of a few



arcminutes. However, a few tens of cm? of effective area up to some tens of keV can be obtained with a few
meters focal length and the use of multilayer reflecting coatings, with a good angular resolution (up to a few
arcsec possible) and a FOV of about 0.5 deg to image the entire solar disc.

Fig. 2 shows the effective area of a Lobster eye telescope at different energies and off-axis angles. It is
composed of a 10x10 cm? array of tubes with increasing side, and a focal length of 5 m; a variable W-Si
multilayer coating is present (a comparison with a pure Au coating is also shown in the figure). We should
note that a point-like source does not produce a point image: not all rays are reflected twice on two orthogonal
surfaces, but some are only reflected once, so a cross-like image is formed, as Fig. 3 shows. Considering the
center of the cross, and with the geometrical parameters of the simulation above, an angular resolution of about
20-27 arcsec can be achieved.
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Figure 2. Effective area of a Lobster eye telescope at different energies and off-axis angles. It is a 10x10 cm? array of
tubes with increasing side, and a focal length of 5 m. A variable W-Si multilayer coating is present (a comparison with a
pure Au coating is also shown).

4. MISSION CONCEPT

A space mission aimed to monitor the Sun by observing the entire solar disc can be designed by coupling a 5 m
focal length lobster eyes multilayer optics with a gas polarimeter. With this configuration the solar disc image
will cover a spatial dimension of about +/- 16 mm on the focal plane (see Fig. 3). Thus, a 2x2 quad assembly
based on Timepix4 ASICs is needed. With a slightly shorter focal length the image of the Sun can fit also in
a quad assembly of Timepix3 ASICs, but also angular resolution gets worse. The gas polarimeter can be filled
with 3 cm of Ar/DME (60%/40%) gas mixture at 3 bar of pressure.

The detector entrance window can be made of 250 pm thick beryllium with a soft X-ray filter of 220 pum
thick aluminum (transparency 20% at 10 keV). In Tab. 1 the Minimum Detectable Polarization (MDP) at 99%
confidence level'! is estimated for the two footprints (FP) of some classes of SFs. This estimation is performed
for SFs located at the center of the solar disc and at the disc limb to take into account the mirror module
vignetting.
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Figure 3. Point-like source image obtained on-axis (left) and 0.266 deg off-axis (right) with the configuration reported in
the text. Photons reflected twice on two orthogonal surfaces focus in the center of the cross, while the arms are made of
photons reflected only once. A square-root scale is used as colormap to enhance the clarity of this shape.

Table 1. Sensitivity estimation of 2 footprints (FP) solar flares from.'?

Solar disc center Solar disc limb

Time |Energy MDP | MDP

(s) (keV) FP1 FP1 |FP2
(cts/s) (%) |(%)

10-35 138.6x10° 101.4x10° 0,17 0.19 58.20x10° 43.03x10° .26 0.29

X10 350.7 10-20 136.1x10° 98.91x10° (.17 0.20 56.87x10° 41.69x10° 0.26 0.30
20-35 2460 2471 0.77 0.76 1334 1341 1.04 1.04
10-35 1654 1785 1.76 171 725.8 779.1 2.59 2.52
X1.2 239.8 10-20 1564 1699 1.87 1.80 676.9 7323 2.79 2.69
20-35 8990 86.04 479 491 48092 46.81 6.49 6.64
10-35 3845 621.2 338 2.69 167.8 268.9 4,99 3.99
M5.2 2844 10-20 3659 5963 3,59 2.82 157.7 255.4 5.34 4.23
20-35 1853 2491 9.72 839 10.08 13.58 13.1 114

5. CONCLUSION

Solar flares can represent a threat for human technological activities in space and on ground. They are usually
associated to Solar Energetic Particles Events (SEPs) at the Earth and Coronal Mass Ejections (CMEs) that
originate geomagnetic storms. Imaging X-ray polarimetry would allow to assess magnetic reconnection and
beaming properties of the particles accelerated along the solar magnetic field lines. A gas polarimeter based
on the Timepix3/Timepix4 technology coupled with a multilayer lobster eye hard X-ray optics would allow to
obtain the polarization map of the solar flare by disentangling the emission from footprints and loop-top sources.
A 5 m focal length multilayer lobster eyes optics would allow to reach an effective area of some tens of cm? and
an angular resolution < 30 arcsec.
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