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Fifty-one years ago, on 28 November 1970, an instrument constructed in Wroc law
took a solar X-ray image. It was a starting point for developing a solar X-ray
group in Poland. At present, the group consists of scientists and engineers from
the Solar Physics Division of Space Research Centre Polish Academy of Sciences
(CBK PAN) and Astronomical Institute, University of Wroc law. Solar physi-
cists from Astronomical Institute are mainly concentrated on data analysis and
numerical modelling. CBK PAN team, apart from data analysis and numeri-
cal modelling, constructed instruments that flew outside the Earth’s atmosphere
performing imaging and spectroscopy of solar flares in X-ray regime. The sum
of experience gathered during all these years resulted in cooperation in the Spec-
trometer Telescope for Imaging X-rays (STIX) instrument mounted onboard the
ESA interplanetary mission Solar Orbiter. STIX is the X-ray imaging spectrom-
eter that is aimed to observe solar flares in the range of 4-150 keV. Its angular
resolution is typical for coded aperture imagers, 7 arcsec, but it will approach
the Sun as close as 0.3 au. Therefore, the spatial resolution will reach an un-
precedented 1500 km. With the high energy resolution, of the order of 1 keV,
we expect many exciting discoveries to be made with STIX in the near future.
Since launch on 10 February 2020, STIX performs perfectly. Thus, by ESA deci-
sion, it is the only instrument onboard Solar Orbiter which is operated nonstop
giving opportunity for uninterrupted registration of solar X-rays. More similar
instruments are expected to be launched into geocentric and heliocentric orbits
in the next few years. This will give an opportunity for stereoscopic hard X-rays
(HXR) imaging opening up a completely new era of solar flares observations.

1 The Past

Space research in Poland began in 1966. It was then that the INTERKOSMOS
Council (Elsztein et al., 1985) at the Academy of Sciences of the Soviet Union was
established. Its goal was to share a place on Soviet space objects with apparatus
constructed in allied countries. At that time, in the era of the so-called socialism,
in Poland, astronomy was developed in several research centres. However, it did
not enjoy special support from the state authorities, mainly as a field that did not
bring direct material benefits. Therefore, the proposal of INTERKOSMOS, which
was brought to Wroc law from Warsaw by the Director of the Astronomical Institute
of the University of Wroc law, Professor Jan Mergentaler, was a big surprise, and its
practical use seemed almost unrealistic. Nevertheless, at a meeting of the team from
the Department of Heliophysics, also headed by Professor Mergentaler, a decision
was made to take advantage of this opportunity. Based on the enthusiasm of his
young assistants, Professor Mergentaler decided to take this first breakthrough step.
It was decided to build an instrument that would record X-ray images of the Sun
with a set of pin-holes and various filters (Fig. 1, left panel).
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The spectroheliograph was launched on 28 November 1970 (5:32 UT), onboard
the Vertical-1 rocket. Measurements were gathered in altitudes ranging from 100 to
487 km. Several minutes after the start, the scientific apparatus landed safely on
the parachute. This is how Dr. Zbigniew Kordylewski, who carried out the project,
recalls this: After landing, the container with the scientific apparatus went to the
assembly hall. After opening, I immediately removed the film cassettes and processed
them in a darkened room. I felt like there’s a weight off my shoulders when after a
while I saw small marks, repeated in the images from several cameras. These were
undoubtedly the expected X-ray images of the Sun. We returned to the country full
of euphoria. One of the images taken then is presented in Fig. 1 (right panel).

Using these images, it was possible to determine the temperature of the active
regions on the Sun (Kordylewski et al., 1973). So, on 28 November 1970, a small
step was made in the field of solar research, but a big step for further space research
in Poland. Based on this success, in the following years the Department of Solar
Physics (ZFS) in Wroc law was established, which to this day operates within the
Space Research Centre of the Polish Academy of Sciences (CBK PAN).

Fig. 1: Left: spectroheliograph and electric box. Orange material is a piece of a parachute
on which apparatus landed safely. Right: an image obtained with a beryllium 50 µm thick
filter. Pin-hole field of view is marked with green circle. Yellow circle shows solar limb.

2 X-ray sources in the solar atmosphere and observational techniques.

The Sun is an active star which is a significant source of X-ray radiation. In gen-
eral, this emission is mainly produced in so-called active regions which are areas
where strong magnetic fields are observed (Toriumi & Wang, 2019). These fields are
enhanced in the tachocline and are transported to the surface by convection flows.
When new magnetic flux emerges we observe sunspots in the photosphere. Above
sunspots, in the low-density atmosphere, the active region is forming. The physical
conditions in an active region allow magnetic field lines to reconnect and release
energy that is stored in highly tangled and sheared magnetic fields emerging from
below the photosphere.

The magnetic reconnection is a driver for solar flares which are the manifestation
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Fig. 2: Standard model of a solar flare. Temperatures are color coded. The hottest parts
of the flaring structure are marked with the blue and pink. Known types of high-energy
X-ray sources are marked with red dashed lines.

of a magnetic energy which is consumed for the generation of MHD waves, energetic
particles acceleration and direct heating of plasma (Benz, 2017). In a standard
flare model, the filament eruption is responsible for current sheet formation and
reconnection start (Fig. 2). In the reconnection region particles (mainly electrons)
are accelerated to sub-relativistic velocities. A large fraction of accelerated parti-
cles travel to the chromosphere where they emit bremsstrahlung in the X-ray range
(non-thermal emission) and heat plasma locally to temperatures exceeding 10 MK
(X-ray thermal emission). The places, where electrons lose energy are called solar
flare footpoints. The heated chromospheric plasma expands to the corona (so-called
chromospheric evaporation, Antonucci (1982); Canfield et al. (1982)), and fills mag-
netic structures with the hot plasma. Due to this process, characteristic loop-shaped
structures emitting thermal X-rays are observed. After the reconnection stops/slows
down the relaxation and cooling takes place.

Typical (spatially unresolved) HXR spectrum is a mixture of emissions from
several sources which may exist in parallel (Fig. 2). Therefore, the important step
in understanding solar X-ray sources may be taken with imaging spectroscopy. Such
observations are of high importance for understanding the basic processes of energy
release in solar flares. Coronal and footpoint sources are forming just after energetic
electrons escape the acceleration region. So, they contain the primordial information
about the magnetic reconnection process. This knowledge is crucial for constructing
solar flare models and for space weather forecasts (Temmer, 2021).

In general, there are four techniques that allow spatially resolved (imaging) X-ray
observations: pin-hole, grazing incidence mirrors, matrix of collimators and coded
aperture. The first solar X-ray image was obtained on 19 April 1960 with the
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instrument utilizing a pin-hole camera (Chubb et al., 1960). This technique, despite
low-resolution not better than 1 arcmin, is widely used until present (e.q. Caspi
et al. (2021)). The mirror-based X-ray telescope was proposed by Wolter (1952),
and the first successful realisation of this concept was conducted on Aerobee Rocket
(Giacconi et al., 1965). This is a grazing incidence optics that is widely used today.
The usefulness of that technique was restricted to low energy X-rays (below 10 keV)
due to technology limit. The main problems are connected to a precision of surface
roughness and extremely low angles of the mirror’s slope. However, there is the
construction which was flown to the space and performed successful observations
with a grazing incidence optics up to 80 keV (Harrison et al., 2013). The spatial
resolution of such telescopes may reach 2 arcsec as was in the case of X-Ray Telescope
onboard HINODE mission (DeLuca et al., 2005). Nevertheless, the high energy X-
rays (above 10 keV) are typically imaged with two other techniques. The first is a
matrix of collimators. The individual collimator separates photons arriving from a
strict range of angles and records them with a detector. Such a construction has
been utilized in the Hard X-ray Imaging Spectrometer (HXIS, van Beek et al., 1980)
installed onboard the Solar Maximum Mission (SMM, Bohlin et al., 1980). The
HXIS was capable to obtain X-ray images up to 30 keV. The best angular resolution
of 8 arcsec was allowed only for a small field of view (2.5 arcmin).

The most widely used technique for imaging high energy X-rays is a coded aper-
ture (the Fourier imager). The idea was given by Oda (1965). It is based on a pair
of grids consisting of numerous slats (wires) of diameter d and slits of size S. Grids
are separated by a distance of D. Such a collimator modulates incoming radiation
relative to the location and size of X-ray sources. A single collimator gives a piece
of information about the X-ray distribution along the line which is perpendicular to
the orientation of slits and slats. Therefore, in the case of imaging, there is a need for
using a large number of collimators that differ in orientation and slits/slats size. The
final image has to be reconstructed using various numerical algorithms. The concept
of coded apertures was incorporated in several Sun-dedicated X-ray telescopes. Op-
erated recently Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI,
Lin et al., 2002) was one of the most successful constructions of that type. RHESSI
allowed observations in an extreme energy range span from 3 keV to 17 MeV. The
energy resolution was better than 1 keV in the lowest energies. The angular reso-
lution reached 2.5 arcsec which is a technology limit for this type, grid-based coded
aperture. RHESSI made a significant breakthrough in high-resolution X-ray and
gamma-ray observations. It provided a completely new class of spectral images in-
creasing the understanding of how energy is released and particles are accelerated in
solar flares (Fletcher et al., 2011). RHESSI reached the technology limit for angular
resolution of Fourier imagers thus, the next step is to put a similar instrument closer
to the Sun which would increase the spatial resolution.

3 The Present: STIX onboard the Solar Orbiter

The Wroc law Team has realised dozens of rocket and satellite experiments since
1970, and has become a well-recognized group conducting satellite observations of
the Sun in X-rays (Sylwester, 2001). In May 2010, the PI of a new experiment the
Spectrometer/Telescope for Imaging X-rays (STIX, Krucker et al., 2020), issued a
letter to the Director of ZFS CBK PAN professor Janusz Sylwester inviting Poland
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to participate in an extraordinary experiment which was aimed to observe the Sun
from a short distance. Consequently, a large group of engineers and scientists from
CBK PAN was involved in this project.

The basic idea was to construct an X-ray imager capable to achieve 7 arcsec
angular resolution and install it onboard the planned Solar Orbiter mission which
is aimed to conduct observations of the Sun from a distance below 0.3 au (Müller
et al., 2020). It means that the spatial resolution of the high energy X-ray images
would achieve an unprecedented 1500 km. The STIX consists three independent
subsystems:

• X-ray window filters out radiation of energy below 4 keV and states as a
thermal baffle for the instrument’s interior.

• Imager consists of 30 pairs of grids which provide Fourier components allowing
for image reconstruction.

• Detector Electronics Module containing 32 CdTe Calliste-SO detectors with
IDPU and high voltage supply.

Solar Orbiter, with STIX onboard, was successfully launched on February 10, 2020.

3.1 STIX’s data formation

The STIX imaging concept is based on coded apertures (Oda, 1965). In experiments
previous to the STIX the front and rear grids were shifted in phase while slats were
parallel. In the STIX, the front and rear grids are slightly tilted, producing a char-
acteristic Moiré pattern in the detector plane. The pattern obtained via tilted grids
is very sensitive to the direction of the incoming photon. To utilize this sensitivity a
new type of pixelized detector, Caliste-SO (Meuris et al., 2014), is used. There are
12 pixels on the detector’s face: eight large and four small. They are grouped in four
parallel stripes. The basic observables are four values measured in stripes A, B, C,
and D. The orientation of the detector for the Moiré pattern is chosen in such a way
that one full period of the pattern is covered with detectors front window (Fig. 3, left
panel). Such configuration allows precise measurement of the Moiré pattern shift.

For a given position of a source we can calculate transmission of photons through
grids and estimate counts collected in stripes A, B, C, and D (Giordano et al.,
2015; Siarkowski et al., 2020). Gathered information can be used for the image
reconstruction. In general, at least two approaches to this ill-posed problem are
possible. First, with A, B, C, and D we can construct the so-called visibility function
which is a 2-D Fourier transform of an image. With a large number of visibilities, we
would calculate an inverse Fourier transform to obtain an image. However, for STIX
we have 30 visibilities therefore sophisticated reconstruction algorithms have to be
used (Massa et al., 2019; Perracchione et al., 2021). The second approach is more
basic in the sense that it uses only information about counts in each stripe (or pixel)
without calculating the visibility function. The image is iteratively reconstructed
until the best match to measured fluxes is achieved. This is a basis for a Modified
Algorithm for Richardson-Lucy ImagiNg (MARLIN, Siarkowski et al., 2020).
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Fig. 3: Left: schematic view of a Moiré pattern on the face of Caliste-SO detector. Basic
observables are fluxes measured in stripes A, B, C, and D. Right: dependence of a Moiré
pattern’s phase and amplitude on the source’s position and diameter. Values of the count
flux measured in each stripe are presented with red horizontal bars.

3.2 Image reconstruction with MARLIN

Richardson (1972) and Lucy (1974) gave independently formulas for iterative de-
convolution of images blurred by an instrumental Point Spread Function (PSF). In
this case, the image element (pixel) uj is smeared by PSF array pij to the observed
image element oi =

∑
jpijuj . Looking for the maximum likelihood distribution of

uj that gives oi under known pij they found that next, k+1 approximation to ui can
be obtained from the previous solution (k) as:

u
(k+1)
j = u

(k)
j

∑
i

oi
ci
pij , (1)

where ci =
∑

j piju
(k)
j is the image value calculated from k-th solution. In other

words, (k + 1)
th

solution is obtained from the previous one by multiplying it by the
sum of the observed to calculated ratio weighted by pij . Integration is done over
all image elements i which contributed to the observed image element j. Shepp &
Vardi (1982) showed that the above iteration process converges to the maximum
likelihood solution for Poisson statistics in the data. In general, the total sum of
weighted functions is not equal to 1 as in the case of PSF(pij), and we should use
normalization instead:

u
(k+1)
j = u

(k)
j

∑
i
oi
ci
pij∑

i pij
. (2)

In STIX application we define transmission function tr(x, y, [A,B,C,D]) for each
collimator (grid plus detector). It describes the transformation of a single-point
emission source at the solar surface (x, y) to four fluxes measured at detector stripes
A, B, C, and D. Transmission can be treated here as a PSF of the STIX grid. The
spatial distribution of emission sources is represented in the form of discrete image
im(i,j). Therefore the flux Fcal at pixel A, B, C and D is defined as:
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Fcal =
∑
i,j

tr (i, j,m) · im (i, j) , (3)

where m = 1, ..., 4, i = 1, ..., N and j = 1, ..., N . Repeating this for all 30 detectors we
define the full STIX telescope PSF as: tr1 ([A1, A2, . . . , A30, B1, B2, . . . , D30] , i, j).
Now tr1 has dimensions (120, N,N) and we have to normalize it before using in
RL algorithm. For this purpose we define weights w (m) =

∑
i,j tr1(m, i, j)/N2 and

w1 (m, i, j) = tr1 (m, i, j) /w (m). An iterative procedure restoring images observed
by STIX (Eq. 2) can be now expressed as:

imk+1 (i, j) = imk (i, j) ·

(∑
m

Fobs(m)
Fcal(m)w1 (m, i, j)

)
∑

m w1 (m, i, j)
, (4)

where Fobs (m) and Fcal (m) denote observed and calculated fluxes in 120 large
stripes of the STIX detectors: [A1, A2, . . . , A30, B1, B2, . . . , D30].

Fig. 4: The first STIX image reconstructed with MARLIN. Left: full Sun field of view reveal
one small source visible above the solar limb (bottom right corner). Right: magnified source.

The MARLIN algorithm has been run on test data which showed high reliability
of reconstructed images. However, the real data are more demanding due to noise,
unknown final grid geometry after launch etc. First tests on flight data showed
that the algorithm works and gives high-quality images. The first-ever STIX image
reconstructed with the MARLIN algorithm is presented in Fig. 4. The image was
reconstructed in a 6-7 keV energy range with 60 s integration time. In this energy
range, the surface of the Sun is blank which confirms that MARLIN does not produce
significant background or ghost sources.

4 The Future

Since its launch, Solar Orbiter has been on its cruise to the first science orbit. By
decision of the ESA, from January 1, 2021 STIX is the only telescope onboard
Solar Orbiter which operates non-stop. Other remote-sensing instruments will be
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operating in 10-days long windows. For each orbit three such windows are planned.
The official start of the science part of the mission was on 27 November 2021, when
Earth’s gravity assist took place. The manoeuvre was successful, and Solar Orbiter
started approaching the Sun. The first close perihelion, 48 mln km, was on 26 March
2022.

The ASO-S (Gan et al., 2019), the first Chinese solar observatory is planned for
launch in the second half of 2022. It will carry three telescopes among which there
is the Hard X-ray Imager (HXI, Zhang et al., 2019). The HXI is a coded aperture
telescope that will utilize 91 collimators. The LaBr3 detectors will register hard
X-ray photons in the energy range of 30–200 keV with an energy resolution better
than 22% at 36 keV. Time resolution will be automatically adjusted between 0.125-4
s, depending on the total solar flux. The field of view, 40 arcmins, will cover the
entire solar disc. The expected angular resolution for images is better than 3 arcsec.

Two coded-aperture instruments operating in a similar energy range is the un-
precedented opportunity for performing 3D reconstruction of HXR solar sources.
Moreover, it will be possible to analyse a solar footpoints emission directivity which
is one of the basic problems in the physics of solar flares. The planned operation
time for the ASO-S is 4 years which means that we can expect about 160 medium
and strong flares to be observed simultaneously (Krucker et al., 2019). However, the
relatively low spectral resolution of HXI may complicate common analysis.

Another X-ray imager expected in near future is the CubeSat Imaging X-ray
Solar Spectrometer (CubiXSS, Caspi et al., 2021). It is now selected NASA cubesat
mission, planned for launch in 2024. CBK PAN is participating in this experiment
with responsibilities covering the construction tasks and science data analysis. One
of the two instruments onboard will be MOXSI which uses pinholes and X-ray trans-
mission diffraction grating which generate spectrally resolved images on the CMOS
camera. Thus, MOXSI will perform imaging spectroscopy of solar flares from 1 to
55 Å with high spectral and moderate spatial resolutions.

ZFS CBK PAN is involved in all these three experiments which is quite an excit-
ing perspective for the future. We expect many interesting observations and results.
The 50-year-long story of the Team started from the X-ray image taken with a
simple, pinhole camera (Fig. 1, right panel). Almost exactly 50 years later we re-
constructed the first hard X-ray image using the extremely sophisticated instrument
STIX (Fig. 4). We hope that this is the beginning of a completely new 50-year-long
story.
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