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Abstract

ESA’s Athena mission will use Silicon Pore Optics, in which the optics assembly consists of pairs of mirror plates
stacked into mirror modules. This paper presents a study of the angular resolution of Athena, using several can-
didate variants of mirror curvature and wedging. Results were achieved by ray-tracing these variants of Athena’s
optics with the ray-tracing software SPORT.

The study shows that all polynomial variants yield a PSF below 1” on-axis, at all energies between 0.1 and
12 keV. The secondary-only polynomial variants perform best, for both on- and off-axis point sources. Of these
variants, the wedging 0/2 variant is shown to generally yield superior angular resolution at higher energies, the
-1/1 variant at lower energies.

A ray-tracing analysis using the Crab Nebula as an observation target was also performed. A 2D Fourier analysis
was applied to the resulting focal plane responses to determine their angular resolution. This analysis indicates
the angular resolution of all polynomial variants to be below 1”, at all but the highest energies. It also shows,
though to a lesser extent, that the secondary-only polynomial variants perform best in most circumstances.
Nevertheless, this second analysis requires further investigation for a more conclusive outcome.

1. INTRODUCTION

Athena is ESA’s upcoming L-class mission, currently planned for launch in the mid 2030’s. It was conceived as
part of the Cosmic Visions program, and aims to address the wider topic of the Hot and Energetic Universe.1

To complete its scientific objectives, Athena must possess an effective area at 1 keV of at least 1.4 m2, and an
angular resolution of at most 5” across its entire energy range .2

This paper presents a study of Athena’s angular resolution, by ray-tracing different variants of its optics assembly
with both point sources and extended sources, and comparing their focal plane responses.

Athena uses Silicon Pore Optics,3 or SPO, a realisation of a Wolter I grazing angle telescope4 in which the
mirror is segmented into a large number of mirror modules, or MM’s. Figure 1 shows such a mirror module.
Each MM is divided into 4 stacks of mirror plates, 2 with primary mirrors and 2 with secondary mirrors. One
pair of primary and secondary mirror stacks is dubbed an X-ray Optical Unit, or XOU.

Mirror plates in the module can be shaped to one of several different approximations of the theoretical
paraboloid and hyperboloid surfaces. This has several practical advantages, mostly related to the difficulty of
manufacturing mirrors to the theoretical shapes.5

The simplest approximation is the conic where the primary and secondary mirror plates conform to conical
surfaces as described by equations 1 and 2.
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Figure 1. Picture of a mirror module, comprised of 4 mirror stacks. Credit: cosine.

rp = rc − tan(α)z (1)

rs = rc − tan(3α)z (2)

where rc is the radius at which the theoretical surfaces intersect, α and 3α are the angles of the plates as given
by equation 3, and z is the distance along the optical axis as measured from the kink of the two surfaces.

α =
1

4
tan−1

(
rc
Z0

)
(3)

where Z0 is the focal length.

An improvement to this approximation is presented in Willingale et. al. (2010),6 who propose an additional
quadratic curvature specified by

d2r

dz2
= −16rc

Z0
(4)

Equations 1 and 2 can be modified to accommodate this curvature by adding a term

rp = rc − tan(α)z − rk
32Z2

0

(
z − L

2

)2

(5)

where L is the plate length along the optical axis. The normalization of z by −L/2 ensures that the center
of the curvature is also the center of the plate.
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It is not required to add this term to both the primary and secondary mirrors. It is equally viable to add
twice the term to either mirror, and leave the other conic.7

From here, variants with such double strength curvature on either the primary or secondary mirror will be re-
ferred to as primary polynomial and secondary polynomial, respectively. The variant with the single strength
curvature on both mirrors will be referred to as equal polynomial.

All plates within a stack are designed to be identical due to manufacturing reasons. Hence, they must be
angled relative to one another to remain confocal as their radii differ. This is achieved by wedging, in which the
ribs of the plate are tapered along the optical axis. Figure 2 illustrates the principle.

Figure 2. Side view schematic of how wedging tapers the mirror plates, resulting in an angular offset between them when
stacked.

There are several options for the exact angular offset between plates in the primary and secondary stacks.
Two wedgings are currently being considered for the design of Athena: -1/1 and 0/2. These are described in
Ferreira et. al. (2021).8

2. MODEL AND DATA

The simulation employs the current reference design of Athena which consists of 600 modules arranged into
15 rings around the optical axis. In accordance with a Wolter-Schwarzschild telescope, the mirror modules are
placed on a spherical surface around the focal point.9

Each of the 4 plate stacks within a mirror module consists of 38 plates, with a thickness of 110 µm. The radial
spacing of the plates varies based on their wedging, but at the point closest to the center of the module, they
have a pitch of 775 µm. The ribs of the plates are 170 µm thick, and have a pitch of 2.3 mm.8

Within this reference design, the mirror curvature and wedging are varied, and 9 optics variants are examined:

• Equal polynomial, wedging -1/1

• Equal polynomial, wedging 0/2

• Primary polynomial, wedging -1/1

• Primary polynomial, wedging 0/2

• Secondary polynomial, wedging -1/1

• Secondary polynomial, wedging 0/2

• Conic, wedging -1/1

• Conic, wedging 0/2

• True Wolter
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The true Wolter variant uses mirrors that conform to the ideal paraboloid and hyperboloid surfaces that cor-
respond to their position in the mirror assembly, and represents a theoretical ideal version of the optics assembly.
It should be noted that it is primarily the polynomial variants that are of interest, the conic and true Wolter
variants are included only as a point of comparison.

Two studies are carried out in this paper. Both place the optics in a ray-tracing simulation and subject them
to different light sources. The response of the optics is recorded at the focal plane, and an angular resolution is
calculated from this response.
The first study uses an infinitely distant point source which is varied in angle and energy to provide a sample
that is representative of Athena’s requirements.
In the second study, the optics assemblies are illuminated by a source that represents the Crab Nebula, with a
set of energies within the spectral range of Athena.

For all ray-traces, the same mirror coating has been assumed: A bilayer of 4 nm B4C atop 10 nm Ir, on a
substrate of Si. A surface roughness of 0.45 nm at all material interfaces is accounted for in the reflectivity of
the surface, though no non-specular reflection is included in the simulation.

The software used to generate the ray-traces for this study is SPORT, the Silicon Pore Optics Ray-Tracer.
SPORT is a software tool developed as part of the SIMPOSIUM project.10 It builds on McXtrace,11 the Monte
Carlo X-ray tracer, and uses its AstroX package12 to simulate the inner workings of the SPO mirror modules.

3. POINT SOURCE STUDY

This study simulates each of the optics variants observing a series of star-like, infinitely distant point sources.
The source is varied in energy (though always monochromatic) from 0.1 to 12 keV and in incidence angle between
0’ (on-axis) and 10’ off-axis. A half-energy width, or HEW, is calculated from the focal plane response, or FPR,
of each source.
Figures 3 through 5 show these HEW’s by energy for each optics variant, for an on-axis source and a source at
10’ off-axis. Figure 3 shows the results for the on-axis source of the polynomial optics variants only.

Mirror curvature can be seen to have a dominant impact on the HEW over wedging. The conic variants are
shown to perform worst in all cases. The polynomial variants perform better, with HEW values almost an order
of magnitude smaller for both an on-axis and off-axis source, and within Athena’s science requirement of 5” in
all cases.
For the on-axis source at low energies, the secondary polynomial variants perform best, particularly the wedg-
ing -1/1 variant. At higher energies, they lose out to the equal polynomial variants, though the wedging 0/2
secondary polynomial remains close in performance. Both secondary polynomial variants do not exceed 0.5” in
HEW at any energy in the given range.
For an off-axis source, the secondary polynomial variants outperform the others at almost all energies, though
the advantage is greatest below 5 keV.

Of note is the performance of the true Wolter variant; for an on-axis source, its HEW is vanishingly small -
on the order of 10−10 arcseconds. However, for the off-axis source, it performs on par with the equal polynomial
variants, and is, in fact, outperformed by the secondary polynomial variants.
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Figure 3. Half-energy width in arcseconds of the optics variants for an on-axis point source.

Figure 4. Half-energy width in arcseconds for the optics variants an on-axis point source. The conic and true Wolter
variants are omitted in this plot to better illustrate the behavior of the polynomial variants.
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Figure 5. Half-energy width in arcseconds for a point source at 10 arcminutes off-axis.
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4. EXTENDED SOURCE ANALYSIS

To assess how Athena’s angular resolution when observing extended targets, each of the optics variants is sim-
ulated observing the Crab Nebula. The image used in this simulation, shown in Figure 6a, was taken by the
Chandra X-ray observatory, and was chosen for its very fine angular resolution (about 0.25” per pixel).

Figures 6b through 6d show the Crab Nebula, as ray-traced through some the optics variants at 1 keV.

Figure 6. A selection of FPR’s as generated by ray-tracing the Crab Nebula through the different optics variants at 1
keV, as well as the original image used to generate the ray-traces

To make a comparison of the spatial resolution between the FPR’s of different optics variants that is inde-
pendent of pixel size, 2D Fourier analysis is used. This produces a 2D spectrum that describes how strongly
features of various sizes are represented in the source image. Figure 7b shows the 2D Fourier transform of the
original image of the Crab Nebula in figure 7a.
This 2D spectrum represents low spatial frequencies (large image features) in the center, and high spatial fre-
quencies (small image features) towards the edges. Beyond a certain distance from the center, the spectrum
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contains only noise, implying that features below a certain size are not meaningfully present in the image.

To find this minimum feature size, and to allow for an intuitive comparison of these 2D spectra, they are
radially integrated by binning the pixels by distance from the center, then taking the maximum intensity present
within each bin. This results in a 1D spectrum that resembles the radial profile of the 2D spectrum. Figure 7c
shows an example.

To find the minimum feature size, the 1D spectrum is first smoothed. The standard deviation σ of the noise floor
is then calculated from this smoothed spectrum, assuming a normal distribution. The point where the smoothed
spectrum rises more than 3σ above the noise floor is considered the smallest meaningful feature size, and thereby
the angular resolution of the image.

Applying this method to the original image of the Crab Nebula, as illustrated in Figure 7d, yields a FWHM of
0.55”, slightly overestimating Chandra’s nominal angular resolution of 0.5”.

Figure 7. Illustration of how the minimum feature size is found. (a) Original image of the Crab Nebula, taken by Chandra.
(b) 2D Fourier transform of original image. (c) Radially integrated 2D Fourier transform, converted to FWHM. Larger
features on the left are closer to the center of (b), smaller features on the right are further away from the center. (d)
Smoothed integrated Fourier transform. Dotted lines indicate ±3σ of the noise floor. Dashed line indicates the half
wavelength where the spectrum rises 3σ above the noise floor, i.e. the minimum feature size.
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Figure 8, as well as table 1, show the FWHM values as found using the above method in ray-traces of the
Crab Nebula at a range of energies, for the different polynomial optics variants.

All variants produce images with minimum feature size FWHM well below 5”, though they all show a spike
in FWHM at 12 keV. This can be attributed to noise in the FPR: as the energy increases, the reflectivity of the
optics assembly increasingly concentrates towards its inner rings. Hence, fewer rays pass through from a smaller
cross-sectional area, resulting in a noisier image.

The differences between the variants are less pronounced than they were in the point source study. There
is a lot of variance in the FWHM values, but the overall trend is the same as in the point source study; the
secondary polynomial variants can be seen to perform well under a majority of circumstances.

There is thus an indication to the secondary polynomial mirror variants as the best performers in this study as
well, though the variance in FWHM values makes it more challenging to draw conclusions. Further investigation
and a refinement of the method could shed more light on the relative performances of the designs when observing
extended sources.

Figure 8. FWHM values for the smallest resolvable features in the ray-traces of the Crab Nebula, as made with the listed
energies and optics variants.
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Minimum feature size
Eq. pol. Eq. pol. Pri. pol. Pri. pol. Sec. pol. Sec. pol.

Energy [keV] W -1/1 W 0/2 W -1/1 W 0/2 W -1/1 W 0/2
0.2 0.69 0.66 0.75 0.72 0.68 0.70
0.35 0.68 0.71 0.90 0.70 0.70 0.66
0.8 0.72 0.70 0.78 0.70 0.72 0.70
1 0.69 0.71 0.75 0.73 0.63 0.70
2 0.70 0.69 0.73 0.72 0.68 0.68
3 0.69 0.68 0.72 0.70 0.62 0.68
5 0.71 0.68 0.72 0.70 0.72 0.66
7 0.67 0.72 0.86 0.72 0.73 0.71
10 0.78 0.74 0.94 0.94 0.94 0.75
12 1.45 0.94 1.08 0.97 0.94 0.95

Table 1. Minimum feature sizes as FWHM values in arcminutes for ray-traces of the Crab Nebula at a range of energies,
and for each of the optics variants.

5. SUMMARY

This paper has compared the angular resolution of multiple variants of the Athena reference geometry by ray-
tracing them in SPORT, using both a point source and an extended source, at various energies and angles.
Variations consisted of different combinations of wedging and mirror curvature.

It was found that, for a point source, mirror curvature is the dominant factor of the two on angular resolution,
and that, of the approximations to the true Wolter geometry, the secondary polynomial variants of Athena’s
optics have the better angular resolutions under almost all circumstances. The wedging imparts a smaller effect,
being most prominent on-axis.

The results from ray-tracing an extended source indicate a trend, but are somewhat inconclusive due to large
variance in the FWHM values extracted from the focal plane responses, and require more investigation.

REFERENCES

[1] K. Nandra, D. Barret, X. Barcons, A. Fabian, J.-W. den Herder, L. Piro, M. Watson, C. Adami, J. Aird,
J. M. Afonso, D. Alexander, C. Argiroffi, L. Amati, M. Arnaud, J.-L. Atteia, M. Audard, C. Badenes,
J. Ballet, L. Ballo, A. Bamba, A. Bhardwaj, E. Stefano Battistelli, W. Becker, M. De Becker, E. Behar,
S. Bianchi, V. Biffi, L. B̂ırzan, F. Bocchino, S. Bogdanov, L. Boirin, T. Boller, S. Borgani, K. Borm,
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