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ABSTRACT

The ATHENA X-ray observatory is a large-class ESA approved mission, with launch scheduled in 2028. The
technology of silicon pore optics (SPO) was selected as baseline to assemble ATHENA’s optic with more than
1000 mirror modules, obtained by stacking wedged and ribbed silicon wafer plates onto silicon mandrels to form
the Wolter-I configuration. Even if the current baseline design fulfills the required effective area of 2 m? at 1 keV
on-axis, alternative design solutions, e.g., privileging the field of view or the off-axis angular resolution, are also
possible. Moreover, the stringent requirement of a 5 arcsec HEW angular resolution at 1 keV entails very small
profile errors and excellent surface smoothness, as well as a precise alignment of the 1000 mirror modules to avoid
imaging degradation and effective area loss. Finally, the stray light issue has to be kept under control. In this
paper we show the preliminary results of simulations of optical systems based on SPO for the ATHENA X-ray
telescope, from pore to telescope level, carried out at INAF/OAB and DTU Space under ESA contract. We
show ray-tracing results, including assessment of the misalignments of mirror modules and the impact of stray
light. We also deal with a detailed description of diffractive effects expected in an SPO module from UV light,
where the aperture diffraction prevails, to X-rays where the surface diffraction plays a major role. Finally, we
analyze the results of X-ray tests performed at the BESSY synchrotron, we compare them with surface finishing
measurements, and we estimate the expected HEW degradation caused by the X-ray scattering.

Keywords: ATHENA, silicon pore optics, design, simulation, modeling

1. INTRODUCTION

With a 12 m focal length, an angular resolution below 5 arcsec half-energy width (HEW), an effective area of at
least 2 m? at 1 keV and 0.25 m? at 6 keV, the ATHENA X-ray telescope! will be the largest X-ray observatory
ever built. The project is already approved by ESA with a launch scheduled in 2028, and the technology needed
to reach these tight specifications is currently under study. Since 2004, the technology of silicon pore optics
(SPO) is being developed at ESTEC to solve the problem of manufacturing lightweight, segmented, and focusing
optics with the mentioned effective area and angular resolution values. SPO mirror modules (MM), currently
manufactured at the Cosine company (Warmond, The Netherlands), consist of stacks of wedged and grooved
silicon wafers with excellent surface smoothness and thickness uniformity. The grooved silicon plates are stacked
onto silicon mandrels that endow them with the required curvature in both directions, and the adhesion of
plates is ensured by Van der Waals interactions acting between the accurately polished surfaces when they come
into contact.? The longitudinal curvature can be parabolic or hyperbolic; therefore, aligning a parabolic and a
hyperbolic MM (Fig. 1a) one reconstitutes the Wolter-I* focusing geometry, widespread in astronomical X-ray
optics. One of the advantages of this approach is that silicon plates with high uniformity and smoothness —
typically required to minimize figure errors and surface roughness — are already available in the semiconductor
market at an affordable cost. Moreover, monocrystalline silicon has a very high thermal conductivity, suitable
to minimize thermal gradients in space operation.
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Figure 1. a) A Wolter-I SPO mirror module (image credits: ESA) is made of a double stack made of silicon plate pairs,
one with parabolic and the other with hyperbolic longitudinal profiles. Typical pore pitch values are 1 to 3 mm, while
the pore height is 0.606 mm. The mirror membrane is 0.17 mm thick, while the rib width can be constant (also 0.17 mm
thick) or, for the inner mirror modules, variable along the plate width to ensure the radial alignment of ribs.4 b) Graphic
representation of the mirror modules positions in one of the six petals composing the ATHENA optics.

The production of more than 1000 flight-grade MMs and the subsequent integration and alignment into the
ATHENA petal structure clearly require a preliminary simulation of the achievable optical performances. This
paper shows the first results obtained by the ESA-supported SImPOSIUM (SIlicon Pore Optics SImUlation and
Modelling) collaboration between INAF-OAB and DTU Space to elaborate algorithms and pieces of software for
simulation of SPO performances under different aspects. An important activity is devoted to the design of the
optics, from pore to telescope level. In fact, a baseline design for the ATHENA telescope has been provided
by ESA and proved to fulfill the on-axis effective area requirements, but alternative designs may exist, e.g.,
privileging the field of view (wider rib and plate spacings) at the expense of some reduction of the on-axis area,
or the adoption of polynomial profiles® to replace the Wolter’s, so to limit off-axis aberrations. The methodology
we are adopting, for now limited to the effective area modeling, is described in Sect. 2.

The performance prediction of a given optical design is a typical problem of geometric optics. If diffractive
effects can be neglected at the first order, the effective area and the point spread function (PSF) can be simulated
using ray-tracing methods, possibly accounting some correction for the X-ray scattering caused by the surface
roughness. To this end, the scattering diagram can be modeled from the measured roughness and be used to
alter the reflection process in the ray-tracing simulator. In this project, the McXtrace package® has been used to
implement the complex structure of the ATHENA optics. Section 3.1 reports an overview of the results, while
the complete McXtrace simulation is described with more detail in another paper of this volume.” In order to
determine the accuracy needed to align more than 1000 MMs into the petal structure, ray-tracing methods are
also implemented to simulate the effects of MM misalignments on the optical performances (Sect. 3.2), using
a specific code written in MATLAB language. Another code (MT_RAYOR) is adopted® to obtain the first
simulations of stray light in the ATHENA optical assembly (Sect. 3.3).

Diffractive effects in an obstructed aperture like SPO’s deserve a detailed treatment (Sect. 4). The pores
are 10° times larger than the typical A values for X-rays, making the aperture diffraction almost negligible?
and thereby justifying the ray-tracing approach adopted in Sects. 2 and 3. However, UV illumination is often
used to co-focally align assemblies of SPO MMs, and the aperture diffraction become predominant in this range
of X values. In contrast, diffraction effects typically arise in X-rays from surface microroughness;'® even if
silicon wafers are characterized by an excellent surface smoothness, the tight requirements of ATHENA (HEW
< 5 arcsec at 1 keV and HEW < 10 arcsec at 6 keV) require to precisely specify a roughness tolerance in
terms of power spectral density (PSD). In Sect. 5, X-ray scattering measurements taken at the PTB laboratory
of the BESSY synchrotron facility!! are used to derive the coating interface PSD, which is compared with
experimental topographic data taken on coated silicon plates, and used to evaluate the HEW degradation with
increasing energy caused by scattering.



Finally, we show (Sect. 6) the first steps taken in the simulation of a magnetic diverter for ATHENA, aiming
at deflecting charged particles out of the detector field, based on a simple arrangement of permanent magnets.

2. ANALYTICAL MODELING OF THE EFFECTIVE AREA

The design of an effective focusing system for the ATHENA telescope within the current constraints (3 m to
0.55 m mirror diameters and 12 m focal length) is a crucial point. At the time of writing, ESA’s reference
design'? is based on 20 rows of SPO MM with increasing curvature radii, and with MMs based on the Wolter-I
geometry, fixed pore width and height, plate lengths varying in inverse proportion with the incidence angle to
maximise the effective area on-axis. The geometric design, together with the adoption of a proper reflective
coating (an Ir/B4C bilayer), fulfills the on-axis effective area requirements of 2 m? at 1 keV and 0.25 m? at
6 keV.
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Figure 2. a) Radial section of a pore in a generic configuration of variable plate length. The obstruction parameters'® ®,
¥, and ¥ are shown. b) Off-axis obstruction by ribs (membrane thickness and rib heights are not to scale). Rays can be
blocked before the first reflection (blue), between the two reflections (red), or after the second reflection (green). We have
drawn only the last obstructed ray.

However, better solutions in terms of throughput or angular resolution might in principle exist: changes in
the general constraints may intervene in the mission developments, such as variations of the maximum diameter
or the focal length. In this occurrence, the optical design has to be completely changed. Providing an effective
design of a large optical system using a number of SPO MMs is in principle a complex problem, involving a
huge number of variables. Moreover, the performance verification of a given configuration, when achieved by
means of ray-tracing methods, is in general time consuming and a selection of the most performing configuration
requires iterating the routine several times. Fortunately, owing to the overwhelmingly long focal length in use
in comparison to the mirror plate lengths, the computation of the effective area can be greatly simplified. In
fact, the longitudinal profile sag is so small that even a double cone approximation can be adopted to compute
the effective area. On the other hand, the choice of the longitudinal profile type (e.g. Wolter-I® or polynomial®)



can be tuned on the basis of the tolerable off-axis aberration within the field of view almost regardless of the
geometrical dimensions (lengths, angles, radii) of the mirror plates.'3

At this stage, we have determined the analytical expression for the vignetting factors of a pore in the radial
and the azimuthal directions. In fact, SPOs are naturally discretized in the spatial occupancy of the aperture
pupil, hence we can consider the incidence angles on the primary and the secondary surfaces, oy and «sq, fairly
constant within a single pore. So we can also assume constant in a pore the respective reflectivity values, r)(a;)
and 7 (a2), as functions of the X-ray wavelength A. This fact allows us to instantly compute the effective area
of a mirror module without statistical uncertainties.

We consider a double reflection pore (Fig. 2a) of azimuthal width w and radial height h. The reflective
plate pair has azimuthal curvature radius Ry, focal length f, length of the primary segment Li, length of the
secondary segment Lo, including the respective gaps at the intersection plane, Dy and Dy. The mirror surface is
obstructed by the next inner silicon plate pair, whose respective parameters are marked with a ”*” superscript.
The expression of the effective area of the reflective pair, if continuous at the intersection plane, for an infinitely
distant source, off-axis by an angle 8 > 0, and in absence of rib obstructions, would be provided by the usual
formula:!3

"
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where the polar angle ¢ is measured from the off-axis plane and varies from ¢’ to ¢”. The brackets [ |>¢ mean
that the enclosed expression is to be set to 0 when negative. The expressions appearing in the integrand are

(La)min = min(Liay, Loy, L1 V), (2)
Omax = max[Li(a; — @), Li(as — ), 0], (3)

which are functions of ¢ via the expressions of the incidence angles:'*

a1 = ag — 0 cos p, (4)
e = ap + 0 cos p. (5)

In Eq. 2 and 3, the three obstruction parameters ®, ¥, and ¥ (Fig. 2a) determine the obstruction of rays before
the first reflection, after the first reflection, and after the second reflection respectively (see'® for further details).

In Eq. 1 we still have to account for the gaps at the intersection plane. To this end, we notice that Eq. 2
describes the obstructions near the entrance pupil and Eq. 3 the obstructions near the intersection plane. Since
the gaps contribute to the latter, to account for the related loss of effective area we just have to modify Egs. 2
and 3 as follows:'®

(La)/ = min(Lloq, Lo, L1\I"), (6)

O! max[L] (a1 — @), Li(ae — X), Dyag, Daaia, 0]. (7)

max

In Eq. 6, the ¥ parameter has been modified to account for the reduced obstruction at the intersection plane:

: * D*
@':@+a3%f)’2). (8)

From Eqs. 6 and 7 we obtain the effective area of the mirror plate pair with gaps at the intersection plane:

"

Axln0) = [ (L) — Oluael50ma(0n) ra(az) . (9)
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We finally have to account for the off-axis obstruction caused by the ribs (Fig. 2b). An approximate expression
for the rib vignetting factor is

Vr(p) =1

0| sin
- %([/1 + Lo), (10)



provided that it is non-negative (a derivation of this formula is reported elsewhere!®). Within a single pore, ¢,
a1, and as can be considered constant and Eq. 9 can be simplified:

Apore(A, 0) = wVR[(La) iy = Omaxlz0 7a(01) ma(a2). (11)

In the last passage we used the relation w = Ry(¢” — ¢’), which is another constant characteristic of the MM,
and we have accounted for the rib obstruction described by Eq. 10.

In the current design of the ATHENA telescope, with excellent approximation, we have L} = L5 = L, =
Ly :=L, D} = D5 = Dy = Dy := D. In addition, f > L, and this entails ® ~ ¥ ~ ¥. Moreover, the filling
factor of the pores is 1 to a very good approximation. This means that the reflective surface of the pore at
z = +L has the same radial coordinate of the non-reflective surface at z = +D. This is exactly fulfilled for the
central plate in the module, and only approximately for the others because the incidence angle gradually varies
in the stack. We can therefore write h ~ (L — D)ay, and the obstruction parameters become

PxYr U — ~ay(l—§), (12)

having defined £ = D/L. In practice, we always have £ < 1.
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Figure 3. Pore geometric area for L1 = Ly = 31 mm, D1 = D2 = 2 mm, w = 1 mm, h = 0.6 mm, ap = 1.2 deg and
variable ¢. Blue line: analytical result. Red crosses: ray tracing results. a) @ = 20 arcmin. b) § = 30 arcmin.

We now compute the effective area of the single pore: using Egs. 4, 5, and 12, we obtain a; —® ~ ag—0 cosp
and ag — X &2 £ + 0 cos . Moreover, ¥ should be replaced by ¥’ (Eq. 8), which in the present case (Dy = Ds)
takes the form ¥ 4 £af, i.e. (Eq. 12), ¥/ ~ ag. Putting all this into Eqs. 6, 7, and 11, we remain with

Apore(A, 0) = wLVr[min(ay, ag, ag) — max(Eag — 0 cos @, Eag + 0 cos @, L, Ean)] >0 ralar) raas). (13)
As min(ag, as) = ag — 6] cos p| < ap, and substituting Eqs. 4 and 5, we can simplify Eq. 13 as follows:
Apore(A,0) = wLVR (g — 0] cos | — Eag — max (6] cos [, £0] cos ¢])] 55 ma(ar) ra(az), (14)
where £ag was moved out of the max operator. As £ < 1, we have
Apore(A,0) = wLVR [(1 — §)ag — 20| cos p[]5 5 Ta(a1) ra(a2), (15)

where we see that in the current configuration the nesting obstruction completely supersedes the effect of the
gaps. Finally, replacing the expression of Eq. 10 into Eq. 15, we remain with

Apore(A, 0) = [w —2LO [sin ¢l [(L — D)ag — 20L [cos || ra(ar) ra(az). (16)

azim. vign. radial vignetting



We could also check the correctness of Eq. 16 by running a detailed ray-tracing routine on a single pore, accounting
for the single-reflections losses, the obstructions by non-reflective sides, and including the absorption on the lateral
walls of the ribs. The agreement of the geometric areas (i.e., assuming 7 («) = 1) is excellent, as shown in Fig. 3.

We finally note that Eq. 16 is valid only if the two stacks have equal lengths, the same intersection plane, and
a filling factor exactly equal to 1 as in the reference design. In all the other cases, the more general Eq. 11 should
be used. The next step will be the writing of the analytical expression for the total effective area of ATHENA
optics, and the subsequent parameter optimization for a figure of merit to be selected.

3. GEOMETRIC OPTICS SIMULATIONS

3.1 Ray-tracing simulations using McXtrace

Ray tracing simulations are performed at DTU Space using McXtrace, freely distributed and open source software
for simulating X-ray instruments.® Doing this, we have taken advantage of the available database of X-ray
elements already included in the McXtrace package to build a ray tracing model of the ATHENA optics.

¥ Axis [m]

Z Axis [m]

L= vien

Y Axis [m]

Figure 4. On-axis (a) and 10 arcmin off-axis (b) traced ray simulated with McXtrace. We note how the off-axis ray ends
up hitting the bottom surface of the hyperbolic pore.

We have so far implemented the baseline geometry'? and mirror coatings provided by ESA, a Wolter-I X-ray
optic with SPO mirrors coated with an Ir/B4C bilayer (10 nm of Ir plus 8 nm of B4C). As the optimization of
the geometry of the optics evolves (Sect. 2) we will implement and simulate alternative design geometries.

An illustration of the geometry of ATHENA optics simulated in this task is shown in Fig. 1b. Ray-tracing
with McXtrace is done on individual pore level (Fig. 4) and allows for evolution to a single SPO mirror plate,
mirror modules and the complete ATHENA optic. Using ESA’s reference design as input, we have simulated
X-rays traveling through one set of pores (parabolic and hyperbolic) for each mirror module within one petal.



That means that for each of the 177 mirror modules, we traced the central pore of the module and assumed that
the results for that one central pore is representative of the performance of the given mirror module. A flawless
profile is also assumed. Some variables can be provided as input parameters:

pore width and height,

rib width,

wafer thickness,

membrane thickness,

SPO plate width,

SPO length,

height of mirror modules,

mirror module number per ring,

position of mirror module within the optics,
mid radius of mirror modules,

parabolic radius and hyperbolic radius for each set of SPOs,
telescope focal length,

Ir/B4C bilayer coating,

surface roughness.

Finally, we have assumed converging ribs of the SPO plates.
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Figure 5. a) On-axis effective area theoretical model (line) along with the simulated effective areas (symbols) at 1 keV
and 5 keV. b) Simulated effective area per mirror module row at 1 keV and 5 keV.

We have evaluated the performance of the pores by ray tracing at two standard energies, 1 keV and 5 keV.
Preliminary results include simulated on-axis effective area (Fig. 5a) and performance per mirror module within
the petal (Fig. 5b). Moreover, in Fig. 5a we compare the simulated on-axis effective areas at 1 keV and 5 keV
with the theoretical model computed using the software IMD,6 considering the same pore geometry and mirror
coatings. The agreement is excellent. More results, such as the computed effective area off-axis, are reported in
detail in another paper of this volume.”

To date, we have a working set of models on a pore level for the true Wolter-I ATHENA optic. We have tested
the models for arbitrary position of pores/modules, specified as an input file and for the present baseline coating
designs. The return number of in-pore reflections for the simulations performed does match well the on-axis
theoretical models and seem to be a very accurate simulation of the expected geometry of the telescope. The
models allow for reflection on all four walls of a pore, but at the present time we have only considered reflections
only on the coated surface. Moreover, the pore-level models are currently unable to provide information on
cross-talk between pores and the possibility of implementation of cross-talk on mirror module level will be
evaluated.



3.2 Simulating misalignments in mirror modules

In order to ensure a final HEW below 5 arcsec at 1 keV, not only the individual MMs need an angular resolution
better than 5 arcsec: part of the error budget is allocated to alignment errors. Misalignments are responsible,
in fact, for effective area loss, HEW degradation, and focal spot displacements. In this section we carry out
an analysis of the sensitivity to the roto-translation errors at MM level, to be later implemented at the level
of the entire ATHENA optics. The effects are evaluated trough ray-tracing simulations based on the standard
MonteCarlo approach and written in MATLAB code. For each ring, the MM corresponding to the polar angle
@ = 0 is considered as a test case. A 0.17 mm rib thickness and a 3 mm rib spacing is assumed.

!
|
|
|

Optical axis

Figure 6. The reference frame in use in the following definitions of the misalignments/displacements (image credits:
Media-Lario Technologies).

After imparting a roto-translation to the module according to the axis orientation drawn in Fig. 6, a number
of rays is launched and their path through the modules is analyzed to find the arrival position on the focal plane
to determine the barycenter of the focal spot, the HEW of the focal spot, and vignetting effects.

The rays are uniformly generated just above the entrance of the MM aperture, in this case parallel to the
z-axis. Their paths are followed up to the MM exit to check the geometrical vignetting of the different structures
(back surface of plates or ribs). The impact position of the plate surfaces is determined as the intersection of 3D
polynomial surfaces, axially symmetric, with the ray. These surfaces can be reduced to the conventional parabolic
and hyperbolic surfaces selecting the correct values of the polynomial coefficients, but are already defined in the
most generic way to guarantee the maximum flexibility in view of a possible optical design optimization. The
solution of the equation provides the coordinates of the incidence point.

Passing through the module, the rays on the optical surface of the plates follow geometrical optics. It is
already possible for a surface figure error to be taken into account in the reflection: depending on the hitting
position of the plate surface, the local surface orientation may be altered according to either a tabulated error
map or/and a random error with an assigned distribution. It is likewise possible to add a simplified scattering
model. The reflectivity of the surface is computed using the standard Fresnel equations.

When a set of roto-translation parameters (translations along x,y, z and rotations about the same axes, see
Fig. 6) for each MM type is provided within a specified range of values, the effect of the MM misalignment is
treated as a simple change of reference frame. In the future developments of this work, the initial position and
direction of the incoming rays, the final position and directions after the reflections will be conveniently modified
by means of the quaternion algebra, which provides a fast and reliable way to represent roto-translations in 3D
space. Using the code described above, the sensitivity analysis has been carried out based on ESA’s reference
design'? with the plates of the MMs in their nominal Wolter-I configuration, and rings are labeled with 1 to 20
going toward the largest radii. The results can be summarized as follows.
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1. Translation errors along the z-axis and y-axis (i.e., the de-centering of the MM from its nominal position)

simply displace the focal spot in the same directions, with an impact equal to the plate scale (17.189 arc-
sec/mm).

. Translation errors along the z-axis have an impact that depend on the ring. The displacement of the
barycenter is between 0.41 arcsec (ring 1) and 2.09 arcsec (ring 20). The displacement is larger for outermost
rings: the maximum is found around 2.1 arcsec for ring 20. The intrinsic HEW of the spot caused by defocus
is around 0.03 arcsec for the innermost rings (1 to 4), while it amounts to 0.06 arcsec for rings 5 to 20.

. A rotation around the z-axis does not cause a significant increase of the HEW: it rather moves the image
barycenter along the y-axis. The HEW, the focal spots, and the barycenter location as a function of the
ring number, for a set of rotations up to 1 arcmin are shown in Fig. 7. The innermost rings exhibit larger
barycenter displacements. A rotation of 1 arcmin, for example, displaces the barycenter along the y-axis
up to a maximum of 0.35 arcsec for the innermost ring. The intrinsic HEW contribution is from 0.17 arcsec
for ring 1, decreases to 0.06 arcsec for ring 4, and eventually increases to 0.12 arcsec for ring 20.

. Also a rotation around the y-axis does not contribute to a relevant increase the HEW, but it moves the
image barycenter mostly along the z-axis. The HEW, the focal spots, and the barycenter location as a
function of the ring number, for a set of rotations up to 1 arcmin are shown in Fig. 8. With a rotation
of 30 arcsec, for example, the displacement is in the range 0.012 - 0.223 arcsec, increasing toward the
outermost rings. The intrinsic HEW contribution increases from 0.0035 arcsec for ring 1 to 0.012 arcsec
for ring 20.
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Figure 9. Rotation effects (0 , 30, 60, 120, 300, and 600 arcsec) around the z-axis for the different MMs. Left: HEW
contribution as a function of the rotation angle. Middle: focal spot images depending on rotation angle. Right: barycenter
position of the focal spot.
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Figure 10. Percent of residual collecting area with respect to the on-axis configuration for different rotation amplitudes
(0,60, 300, 600, and 1200 arcsec). Top: rotation around y-axis. Bottom: rotation around z-axis.

5. A rotation around the z-axis does not introduce any aberration in the focal spot, but moves the image
barycenter mostly along the x-axis. The HEW, the focal spots, and the barycenter location as a function
of the ring number, for a set of rotations up to 10 arcmin are shown in Fig. 9. For example, a rotation of
60 arcsec displaces the barycenter along the z-axis by an angle variable from 13 arcsec (ring 1) to 75 arcsec
(ring 20). The intrinsic contribution to the HEW is always zero.



Regarding the sensitivity of the effective area to misalignments, the residual fraction of the effective area
for rotations around the y-axis is shown in Fig. 10, top. Different rotation amplitude angles (0, 60, 300, 600,
and 1200 arcsec) are considered. Owing to their geometrical configuration, the innermost rings are much more
obstructed than the outer ones. Anyway, the decrease of the collecting area is near 2-7% for all the rings, with
a rotation of 60 arcsec. If the maximum rotation amplitude increases to 300 arcsec, the maximum area loss
increases to 20%. Figure 10, bottom, shows the effective area vignetting following rotations around the z-axis.
In this case, the effect is much larger owing to the more pronounced variation of the incidence angles and the
consequent increase of the vignetting in the radial direction (see also Sect. 2). The innermost ring loses almost
half of the effective area for rotation of 300 arcsec, while the percent of lost effective area is in the range 2-7%
for all the MMs if the rotations angles do not exceed 60 arcsec.

The simulations listed above have been repeated in Wolter-Schwarzschild design, a configuration in which
the parabola-hyperbola intersection planes of the central plates in each MM lie upon a sphere of radius equal
to the focal length, rather than on a plane. This configuration fulfills the Abbe condition better than a pure
Wolter-1I and therefore limits the off-axis aberrations. The simulation results for rotations about the y- and z-axis
are in line with the previous ones, while for rotations around the z-axis the intrinsic HEW and the barycenter
displacement effects are reduced by approximately an order of magnitude.

3.3 Simulating stray light with MT_RAYOR

As a precursor to the McXtrace analysis of the ATHENA optics, a ray-tracing stray light analysis had been
initiated by using MT_RAYOR, a ray-tracing package® developed at DTU Space. The raytracing makes use
of a MonteCarlo technique where each ray is followed through the optics and tagged according to its fate i.e.
absorption, no reflection, single reflection, or double reflection. The rays with less than two reflections (i.e.,
singly-reflected or directly passing through the optics) are regarded as stray-light. The MT_RAYOR ray-tracing
package has been used, e.g., for an intensive analysis of the NuSTAR calibration and performance, and therefore
it is sufficiently adequate for these preliminary investigations. A series of ray-tracing runs were made at an
energy of 2 keV, correcting the ray-tracing with a scattering distribution in the shape of a Gaussian function.
Even on-axis, a relevant fraction of rays was scattered and missed the second reflection, reaching the focal plane.
None of them, however, entered the area of the Wide Field Imager (WFI) detector with a either source on-axis
(Fig. 11a) or 20 arcmin off-axis (Fig. 11b). We preliminarily conclude that the stray-light does not contaminate
the WFI area, at least for § < 20 arcmin. The presence of on-axis stray light seems to be a consequence
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Figure 11. The distribution of the stray light rays in the focal plane at 2 keV, as simulated with MT_RAYOR. The central
square represents the WFI with a size of 40 arcmin (140 mm). Source a) on-axis, b) 20 arcmin off-axis.

of the assumed scattering model, i.e., a Gaussian, which — being a compact distribution — requires a relevant
amplitude to return a HEW value near 5 arcsec, therefore conveying a relevant amount of low-angle scattering.
A more realistic model for scattering might be represented by a scattering diagram computed from the measured
roughness of SPO samples (Sect. 5.2), and will be implemented in the next phase of this project.



4. SIMULATION OF DIFFRACTIVE EFFECTS

Just like conventional X-ray optics, SPOs are also strongly obstructed as a consequence of the dense nesting and
the shallow incidence angles. In SPOs, however, also the dense ribbing contributes to obstruct the effective area
also on-axis. In X-rays, this essentially results in a reduction of the effective area, with negligible diffraction
effects® compared to the expected angular resolution that is dominated by the figure errors. In UV illumination,
used to locate the focus position in an optical bench, the aperture diffraction becomes largely dominant. On
the other hand, diffractive effects are also important in X-rays. While the pore aperture diffraction is usually
negligible in X-rays, diffraction off the reflective surface (i.e., the X-ray scattering) becomes important as A
decreases, i.e., when the difference of optical paths introduced by the surface roughness starts to be comparable
with A.

The transition from a situation dominated by aperture diffraction effects (UV) to one chiefly affected by
surface diffraction (X-rays) is gradual and a dedicated treatment cannot be devoted to the two spectral ranges.
A treatment purely based on physical optics, fortunately, accounts for both effects and even for geometric mirror
deformations: the main drawback, however, is that it usually requires a very intensive computation when if
considered over a 2D aperture/surface with a sampling of a few microns or less. We have two possible solutions,
described in the following sections.

,  from
source

—

Figure 12. Diffraction in a pore optic, reduced to 1D geometry. The primary segment initially diffracts the incident
wavefront to the secondary segment profile. The subsequent diffraction to the focal plane returns the PSF.

4.1 Reduction to 1D geometry

In grazing incidence optics, the PSF of a mirror segment is concentrated in the incidence plane. Also the PSF is
almost completely affected by longitudinal profiles and only to a minor extent by out-of-roundness errors. Hence,
for most applications in X-ray optics the computation can be easily reduced in complexity assuming that the
PSF is a variable of the sole x coordinate and determined only by 1D profiles. This case of PSF computation
was extensively treated in previous papers!”18 for the case of integral or segmented grazing-incidence optics, in
single or double reflection, near- or far-field approximation, and regardless of the value of A\. For the SPO case
we are considering, the tight ribbing in the azimuthal direction has to be taken into account. In absence of ribs,
the electric field from a source on-axis at infinite distance, diffracted to the secondary reflective surface, would
be (see'® with some changes of notation):

Eo AR, [/t i( g +5 _jmmamy 2
By (29, 22) = M/ dz L% (dlz_ZI)/ As dipy eI, (17)
f -5

LA d12



where (see Fig. 12 and Sect. 2 for the meaning of the symbols) ¢; is the polar angle on the primary segment,
A® is the azimuthal aperture of the plate, w the pore width, A¢ = w/Ry the azimuthal aperture of a pore,
ARy = Liaq, z1 and z; the axial coordinates of the primary and the secondary mirror surface, z = 0 is the
nominal focal plane, x1(z1) and x2(z2) the radial coordinates of the primary and the secondary silicon plate in
the zz plane, including figure errors and also the microroughness. The distance d;5 has the expression

diz = \/($1 —22)? + (21 — 22)2. (18)

Since the primary-secondary gap is always very small, we can assume for not too large values of A that every
single pore of the secondary stack of the MM takes contributions only from the corresponding pore of the primary
stack. We can therefore replace A® with A¢ and, setting ( = @11/ x221/d12A, rewrite Eq. 17 as

Ey AR f+L1 eV e
By (w2, 20) = LO\/mil 1/ _ / G e inC” (19)
1224 2dian

having approximated xoz1 ~ R3 in the integration limits. As long as A < w?/ dlg, the limits can be approximated
with infinity and the integral in ¢ equals a constant phase term e™/4. Since dio < L; + Lo, this condition is
always met if A < w?/(Ly + La). As in the current design L; + Ly < 20 cm and w > 1 mm, this condition
is surely met if A < 5 pm, i.e., in visible light, UV, and — clearly — X-rays. We conclude that in near-field
conditions and for A sufficiently small the electric field on the secondary pore segment is essentially unaffected
by the presence of the ribs. The resulting expression equals the one valid for mirrors without ribs,'® which can
be safely applied also in SPOs.

In the subsequent diffraction to the focal plane, the situation is different: the electric field takes contributions
from all the pores of the MM, therefore the amplitude modulation in the azimuthal direction might in principle
be relevant and also affect the PSF in 1D geometry. The exact computation of the Fresnel integral is, however,
quite lengthy and will be reported in a subsequent paper.

4.2 2D geometry, far-field approximation

In the case of ATHENA, the long focal length allows us applying some approximations that reduce the Fresnel
integrals to a Fourier transform. Since efficient numerical routines exist to compute the transform, it becomes
possible to perform 2D simulations without excessively increasing the computational load, and still accounting
for aperture diffraction, figure errors, and microroughness simultaneously. This approach is used, for example,
to compute the scattering contribution in Cherenkov telescope mirrors in near-normal incidence.'®

We first consider a SPO MM with M x N pores, total width W, total height H, pore height h, pore width
w, rib thickness ¢, and membrane thickness 7, illuminated on-axis by a collimated and parallel light source at
a distance S. We denote the azimuthal curvature radii of the plates at the intersection plane with R,,, taking
on discrete values with the plate index n = 0,1,..., N. To simulate the 2D diffraction pattern of SPO modules,
we start from the far-field expression of the PSF in single reflection from a parabolic, grazing-incidence profile!®
(with slight change of notation):
2

h )
PSF(6) = / e™ 10 CPF(241) dany (20)

hA

In the previous equation 8 = z/f is the angular distance from the origin of the coordinates (the nominal focus),
L, the profile length along the z-axis, o, = R, /2f the incidence angle on the plate at the radial coordinate R,
xn1 the nominal profile of the n-th plate defined by the parabolic profile z; = a,22, — 1/4a,, where a, is the
variable quadratic coefficient, and CPF is the complex pupil function that describes the phase shifts described
by possible longitudinal profile errors x.;, projected onto the entrance pupil:

i
CPF(zp1) = exp (_m 21 Sin an> , (21)

A

where z.; is a function of z,;.
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Figure 13. Diffraction from an SPO MM. The diffracted wavefront at the exit pupil consists of a set of spherical wavelets
converging to the origin, but with a phase delay increasing with the plate curvature radius.

As diffraction effects caused by the ribs are negligible inside the pore if A is smaller than a few microns
(Sect. 4.1), we can assume Eq. 20 to be also valid in the case of a Wolter-I profile, after changing the definition
of a, = R, /4f. For a single pore, the extension of the PSF definition to the 2D case is straightforward,

2

1 i
/ ™75 ™) CPF(r,,) dr? | | (22)
pore

= Ap\2f2

PSFP(f)

where the PSF is observed at the nominal focal plane and mapped via the coordinates r = (x,y). Here Ap = h-w
is the single pore area, mapped by the coordinates r,; = (Zn1,¥n1), having selected the origin in the center of
the MM entrance pupil, and the CPF now includes the projection of the pore topography on the pupil plane.
The extension of Eq. 22 to an azimuthal row of pores in the MM is also immediate as all of them have the same
distance from the optical axis, R,, and the same incidence angle, c,:

2

1 i
/ e~ B D yp(r,,) CPF(ry) dr2, | (23)

PSFg(r) = AN f2

being xp the characteristic function of the mirror aperture (1 where the reflective surface is present, and 0
elsewhere) and Ao = W - h.

To extend Eq. 23 to a complete SPO stack (Fig. 13), we just have to integrate over the entire mirror module
aperture, Ay, accounting for the incidence angle variation resulting from the wedging and the resulting optical
path difference'® between rows, 1/2a,, ~ R2 /2f,

i 1 2 2
PSFy(r) / e B (T ER) y (1)) CPE () ) drd (24)
M

= ANZf2

where we defined Ay; = W - H and removed the dependence on the n index, because the transform can now be
computed over the aperture pupil of the primary stack (but always keeping in mind that R takes on discrete
values).

Equation 24 provides the diffraction pattern of the MM in the nominal focus. However, for some applications
it can be interesting to simulate the out-of-focus diffraction pattern (e.g., at distance D # f): to this end, one
just has to add?® a fictitious wavefront error (22 4+ 3?)(1/2D — 1/2f) in order to correct the wavefront curvature
at the exit pupil. Therefore, the general expression for the PSF observed at a generic distance D from the module
(ie,at z=f—D)is
2

1 2mi
/ e BRI O(ry)drf| (25)
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Figure 14. Simulated diffraction patterns of a SPO MM with f = D = 20 mm, w = 0.83 mm, h = 0.606 mm, 34 layers
and W= 65 mm, at a) A = 220 nm, b) A = 150 nm, ¢) A = 70 nm, d) A = 30 nm. We note the shrinkage of the diffraction
figure for decreasing values of A. The image field is approximately 30 mm, and the angular diameter of the source is
4 arcsec. The light source is assumed to have a bandwidth A\ of a few nanometers.

[/

Figure 15. Simulated diffraction patterns of a SPO MM with the same characteristics used in Fig. 14, at A = 220 nm,
and f =~ 20 m. Intra-focus by a) 0 m, b) 4 m, ¢) 8 m, and d) 16 m (field enlarged by a factor of two). The diffraction
figure gradually turns into the image of the SPO aperture for increasing f — D values.

in which we have denoted the generalized pupil function as
C(ry) = e BBy 1)) CPR(ry). (26)

The last result allows us to overcome one of the limits of the Fraunhofer diffraction, i.e., the evaluation of the
diffraction pattern at infinite distance or exactly in focus. Equation 25 enables the simulation also out-of-focus,
provided that we remain in the far-field region D > W?2/4\. It also reduces the computation to a Fourier
transform, for which fast and efficient numerical recipes (FFT) exist. The finite size of the source, if spatially
incoherent, can be accounted for in the computation by convolving the PSF out of Eq. 25 with the source
demagnified by the ratio D/S. Finally, the finite time coherence of the light can be accounted applying Eq. 25
at different values of A\ within the bandpass A\ and averaging the intensity patterns. Because the optical path
only varies in the radial direction, the result is equivalent to assume a temporal incoherence of the contributions
from different radii. Some examples of application of Eq. 25 are reported in Fig. 14 for variable values of A in
the nominal focus, and in Fig. 15 at fixed A and variable intra-focal positions.

In practice, the numerical computation of the Fourier transform in Eq. 25 requires an appropriate definition
of the entrance pupil. To ensure proper working of the FFT routine and avoid aliasing problems, one should
make sure that:

1. The entrance pupil side, Wy, should be twice as large as the maximum size of the SPO MM aperture.®

2. The entrance pupil sampling step, Ary, should be at least ten times smaller than min(¢, 7), the rib/membrane
thickness, and in any case'® has to be Ar; < Arypmax = fA/p, where p is the detector size.

The two conditions above in turn determine the diffraction-limited detector size (pq = fA/Ar; > p) and the
diffraction-limited detector sampling (Ar = fA/Wy), to be possibly resampled at the actual detector resolution.
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Figure 16. Simulated diffraction patterns of a SPO MM with the same characteristics of Fig. 14, at A = 220 nm, in-focus.
Fig. 14a) on-axis. This figure, a) ¢, = 7 arcmin, b) ¢, = 11 arcmin, c¢) ¢, = 7 arcmin, and d) ¢, = 11 arcmin. We
note the increasing relevance of the secondary peaks for increasing ¢, and the broadening in the vertical direction for
increasing ¢y.

Finally, we can simulate the effects of an off-azis source by a small angle ¢, and/or ¢,: because in double
reflection the angular deviation remains 4« regardless of the off-axis angle, the optical paths throughout the
module remain unchanged and it would in principle be sufficient to add to the exponent in Eq. 25 a wavefront
tilt term, ¢.x1 + ¢yy1. However, when the module is seen off-axis by ¢,, the rib vignetting becomes more
severe and reduces the pore width. Also when the module is tilted by ¢,, the pore height is reduced by the
same amount: both aperture reductions follow the vignetting factors in Eq. 16. At the same time, the rib and
membrane thickness appear to be increased by the same amount. In the case L; = Lo, we can therefore write

w' = w-—2Lg¢,, (27)
t'" = t+2L¢,, (28)
W = h—2L¢, (29)
T = T+42L¢,, (30)

so the pore pitch values (w+¢, h+7) do not vary. One can account for the off-axis obstruction simply replacing
w, h,t, and 7 with the primed quantities, in the definition of xp(r;): in the ¢, rotation, the misalignment affects
the relative intensity of secondary peaks, but leaves the peak positions unchanged (Fig. 16, a, b). Increasing ¢,
in contrast, the peaks are broadened in the vertical direction (Fig. 16, ¢, d) because the interference is essentially
incoherent in the radial direction for an imperfectly monochromatic source.

Similarly we can redefine the clear aperture for a mirror design with a filling factor'? different from 1, or w,t
variable along the polar angle.* However, this will be treated in a next phase of this project.

5. X-RAY SCATTERING AND SURFACE TOPOGRAPHY ANALYSIS
5.1 Interpretation of X-ray scattering (XRS) data

Analysis of X-ray data of SPO single pores and stacked mirror modules is of great value in understanding the
properties of X-ray reflection and scatter. Collecting, combining and analyzing the available measurements
performed on the ATHENA mirrors allow for an overall picture of the SPO mirror module performance and will
be directly applicable to on-ground and in-flight calibration.

Several data taken at the PTB lab at the BESSY synchrotron light source'! on SPO samples are detector
scans at fixed incidence angle #; and fixed X-ray energy, varying the off-surface scattering angle 5. This kind
of scattering scan returns quantitative information not only on the layered structure, but also on the roughness
power spectral density!? (PSD). In fact, one of the classical results of the first order scattering theory is that the
distribution of the scattered (i.e., non-specular, at 65 # 6;) intensity is directly proportional to the surface PSD

at the spatial wavelength
A

- - 1
cos6; — cos b’ (31)



if the smooth-surface approximation 470 sin8; < A is fulfilled. Sometimes we use the spatial frequency v = 1/1
instead of [. Measuring the X-ray intensity at variable 65 values, one can immediately retrieve a measurement of
the surface finishing PSD, to be compared to the one that can be computed from a direct metrological approach,
such as with atomic force microscopy (AFM) or phase shift interferometry (PSI) techniques. Unlike direct
metrology, however, the measurement in X-rays is much more representative because the fraction of illuminated
surface is much larger than the few mm? typically sampled with topographical instrumentation for roughness.

When reflective coatings are used, X-rays penetrate the thin layers they consist of and get scattered by the
roughness of each interface. In addition to the expected constructive interference in the specular direction, the
scattered radiation in non-specular directions interferes giving rise to fringes in the scattering plot, and this
makes the scattering diameter more complicated to interpret.2! An example of XRS scan of a SPO MM taken at
BESSY is shown in Fig. 17, at 6 keV and 6; = 0.6 deg. The last stacked plate was used in order to avoid vignetting
effects from the pore structure: the surface was coated with a Ir/B4C graded multilayer coating deposited at
DTU, with 5 layer pairs of thickness increasing from the substrate to the surface, plus two additional capping
layers.?? The XRS diagram is characterized by a broad core resulting from the convolution of the module PSF
with the spatial resolution of the detector (Afs =~ 250 arcsec). Hence, no information on the low-angle PSF can
be extracted from this dataset. In contrast, the right wing of the XRS scan contains the required information
on the surface roughness. Moreover, small oscillations in the XRS diagram are clearly seen.

In a multilayer-coated surface, a number of interfaces is present and each PSD contributes to build up the
XRS diagram. In addition, the roughness profiles of different interfaces can be partially correlated, i.e., the
roughness can be replicated from layer to layer not only in amplitude, but also in phase. Depending on the
spatial wavelength and the deposition process details, the growth of the next deposited layer can either amplify
or relax roughness features.?* Amplification typically occurs at mid- (10 gm > [ > 1 pm) spatial wavelengths,
triggering a roughness growth throughout the multilayer with a high replication ratio and correlated interfaces.
Relaxation usually dominates at small (I < 1 pm) spatial wavelengths and yields interfaces with almost no
growth — or even smoothing of the substrate’s rough features — and a little or no correlation between interfaces.
As a result, we may expect to have an XRS plot characterized by prominent fringes in the correlated roughness
region (mid scattering angles) and a smoothly decreasing XRS diagram in the non-correlated roughness range
(high scattering angles). Application of Eq. 31 shows us that the spectral range that can be explored with the
scatter plot typically covers the spectral band 10 - 0.1 pum. In reality, Eq. 31 also shows that this wavelength
range does not relevantly impact the HEW in the sensitivity band of ATHENA, which is chiefly determined by
lower frequencies. These are, indeed, difficult to analyze in BESSY data for three reasons:

e the PSD typically increases rapidly for low spatial frequencies and the scattering merges with the specular
peak;

e at very low frequencies, the smooth-surface approximation is no longer fulfilled and the first-order theory
is no longer applicable;

e the detector resolution does not allow us to resolve the details of the PSF core.

The XRS detector scan provides, however, an independent confirmation of the PSD obtained from the metrology
and returns quantitative information on the PSD evolution inside the coating. This allows us, in turn, to predict
the HEW evolution at high energies. A direct measurement of the PSF would require a much higher resolution
(e.g., achievable using a high-res X-ray diffracting crystal).

The interference of the scattered waves at the interfaces 7 = 0,1,..., N (numbered from the substrate
upwards) returns a quite complicated formula?!:2%24 to model the scattered intensity per radian, dI;/df;:

1dl, 1672 o .
Td;:i—gsmeismws\/zz(os)zz(ei) S TiPi(w) +2 > (~1)ITMC (V)T T cos(YAjm) |, (32)
0 s

7=0 j<m

where R(0) is the single interface reflectivity (if the multilayer consists of two alternated materials), I the direct
beam intensity, T; the amplitudes of the electric field at the 4t interface of the multilayer, Ajy, the distance
between the j" and the m!" interface, v is the normal component of the scattering vector (including absorption
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Figure 17. (red) Measured detector scan at 6 keV and 0.6 deg of a SPO plate coated with a graded Ir/B4C multilayer.
(black) the XRS modeled diagram computed using Eq. 32.

via the imaginary part of the refractive index). Finally, P; is the PSD of the 4" multilayer interface and Cim is
the real part of the cross-correlation function between the j** and the m*" interface (see?* for further details).

The distribution of the electric fields T; can be computed from the transmittance and the reflectivity at each
interface of the multilayer (s-polarized in the setup adopted at BESSY). In our case, most of the reflection at
6 keV and 0.6 deg occurs at the outermost Ir/B4C interface, and this explains why the interference fringes are
not very pronounced. The computation of the P; and of the Cj,, functions is much more complicated as one
needs to model the roughness evolution in the multilayer in terms of 6 growth parameters.?®2* To this end,
we would need to compare the roughness of a SPO plate before (Py) and after (Py) coating, with two possible
results: that i) the PSD is unchanged after coating deposition or ii) the PSD has changed after coating. In the
first case, we can distinguish between two sub-cases:

1. P; = Cjy = Py, for all j,m: completely coherent replication of the roughness topography of the substrate
throughout the multilayer, XRS diagram characterized by pronounced peaks.

2. P; = Py, Cjp, =0, for all j,m: no evolution of the PSD in the multilayer, no profile correlation between
couples of interfaces, XRS diagram smoothly decreasing without peaks.

Parameter | 1°* King model | 2"? King model
A (nm?) 2 x 10° 18
L (pm) 1000 0.3
n 1.8 2.2

Table 1. PSD parameters used to fit the XRS scan in Fig. 17. In the first King profile, other combinations of the A and
the L. parameter values are also possible, because the substrate is in the power-law regime for all the spatial frequencies
considered. The parameters of the second King profile are, in contrast, well constrained by the XRS scan.

At this stage, the PSD could be measured only after coating, measurements of SPO plates before coating
are planned but not available yet; hence, the evolution in the multilayer could not be modeled. In this case,
however, using Eq. 32 we find that a single PSD in the shape of a double King profile,

A

PN(V) = [1 T (VEC)Q]n/Qv

(33)



returns a modeled XRS diagram that matches very well the experiment (Fig. 17), indicating a negligible roughness
growth at least in the layers where the electric field has an appreciable amplitude. In Eq. 33, A is a normalization
constant, L. is the knee wavelength and n is a spectral index of the power-law regime (v > 1/L.). Two King
functions are superimposed: one to account for the typical power-law trend of the substrate, which is probably
constant in the multilayer in the low frequency range, and another to represent the roughness excess in the
micron range, probably evolving throughout the multilayer. The parameters that return the best match with
the experimental data are listed in Tab. 1. The fringe height is matched by the assumption P; = Py and
Cjm = 0.75Py for all j,m. The best-fit PSD is shown in Fig. 18 (black dashed line).

Even if the modeling-measurement accord (Fig. 17) is satisfactory, there is some residual mismatch of peak
position, probably caused by some fluctuation of the layer thickness. This is not exactly known and that should
be derived separately from the accurate fit of the reflectivity scan, but this does not affect the PSD that is
inferred. The n value from the first King model, mostly inherited by the substrate, is the typical one of silicon
wafers, and the PSD — in the 1000 - 10 gm crucial range — is better than the one of commercial wafers?® by a
two-fold factor.

5.2 Surface metrology and HEW trend modeling

To double-check the parameter values obtained in the previous section, roughness topography measurements
have been taken on a single silicon plate coated with the same multilayer recipe. Unlike the SPO stack tested
at BESSY, this sample did not withstand any lithographic process.? However, most of the reflection at 6 keV
and 0.6 deg occurs at the first Ir/B4C interface and so the XRS diagram should not be affected by any possible
damage at the outer B4C/vacuum interface.
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Figure 18. Measured power spectral density on the reflective side of the ribbed plate with a multilayer from MFT
measurements (top, left) and AFM measurements (bottom, left). The PSDs measured with the different instruments at
different magnifications are in excellent mutual agreement (right). The dashed line represents the PSD inferred from the
XRS modeling described in Sect. 5.1.

The surface topography measurements have been performed using the MFT phase shift interferometer?” at
INAF/OAB, covering the low-frequency roughness range with the 2.5x and 10x magnification objectives. The
high-frequency roughness has been characterized using the AFM operated at DTU.?8 The PSDs computed in
the respective spatial frequency windows of sensitivity show a very good mutual agreement (Fig. 18). We clearly
notice that the usual power-law trend, typical of polished substrates, is modified at spatial wavelengths 10 -
0.01 pm. The roughness excess is probably caused by the silicon oxide or the reflective coating, but this will
be understood from subsequent measurements of roughness on samples before coating. We anyway find that



the PSD modeled from the XRS scan (Fig. 17) is in good agreement with the metrological measurement, which
suggests the lift-off process on the module tested at BESSY not to have degraded the interfacial roughness (no
information can be extracted at 6 keV about the outer surface roughness, however).

We now have a first measurement of the SPO MM surface finishing over a quite broad range of spatial
wavelengths. Assuming this process to be representative of the surface smoothness of all the silicon plates, we
can preliminarily infer the expected degradation of the HEW at 1 keV (where the specified value is < 5 arcmin)
and at 6 keV (HEW <10 arcsec). This can be done in several ways. One is performing the complete computation
of the PSF accounting for the roughness in a self-consistent way,'® but this requires the exact measurement of
the mirror shape errors in the longitudinal direction. For our scopes, a fast assessment of the scattering term of
the HEW, H (), is sufficient to determine if the mirror surface is smooth enough.
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Figure 19. The average computed HEW as a function of the X-ray energy for the entire ATHENA telescope (black line),

assuming a simple coating of Ir (11 nm) and B4C (8 nm). The colored lines are the cumulated contributions of the row
1, row 142, row 142+3...increasing from blue to red.

The HEW is usually an increasing function of the energy and of the incidence angle. Fortunately, the mirror
plate reflectivity suddenly drops down beyond a critical incidence angle, and this sets the maximum possible
degradation of the HEW at an assigned X-ray energy. In fact, the scattering term of the HEW increases
as a function of the sinf;/\ ratio, but the upper bound for 6; is obviously the iridium critical angle, which is
proportional to A. Therefore, the maximum possible HEW degradation caused by the scattering does not depend
either on #; or A, but only on the surface PSD and the optical constants of the reflective layer. For example,
taking the expression of the double-reflection HEW scattering term?® for a power-law PSD, P(v) = K, /v",
measuring K, in nm®um~", and replacing the optical constants of iridium, we provide an upper limit for H(\):

H()\) < 5900 [ Kn )} o arcsec, (34)

370(n —1

regardless of the X-ray energy and the incidence angle. In other words, the same roughness tolerances can be
set for all the mirror modules, at all the mirror radii. Now, the low-frequency branch of the PSD (Fig. 18)
well matches the values n = 1.8 and K,, = 1 nm3um~18, yielding H(\) < 5 arcsec. This is in line with the
requirement that HEW(1 keV) < 5 arcsec and HEW (6 keV) < 10 arcsec, assuming the figure and the scattering
HEWSs to add up linearly'® (a dedicated argument on this point can be found in a previous paper3?). The
measured PSD therefore seems to be consistent with the scattering tolerances for ATHENA.

As a further step, we now deal with a more accurate evaluation of the predicted HEW trend for ATHENA,
following the same method used a few years ago for IXO:2% we computed the H()\) function from the measured



PSD, added a 5 arcsec of figure error HEW, and finally averaged the HEW trends over the computed effective
areas of the 20 mirror module rows of the reference design,'? in the 0.1-15 keV X-ray energy band. To compute
H()\) down to 1 keV, the PSD had to be extrapolated down to a spatial wavelength of 1 cm, prolonging the
measured power-law trend (the continuation of the power-law regime to the cm spectral range is usually observed
on superpolished surfaces). For simplicity, the HEW values have been computed over the 40 arcmin field of view
of ATHENA, but increasing the field does not affect the computation significantly: for example, doubling the field
increases the values by less than 0.25 arcsec. The results are shown in Fig. 19: the largest radii (corresponding
to the red lines) only contribute to the HEW at very low energy, while at high energy the inner radii (blue lines)
dominate, but the scattering is moderated by the shallow incidence angles. At 6 keV, the predicted HEW is
8.5 arcsec, i.e., within the prescribed limits. The presence of the PSD "hump” at 1 - 0.01 pgm (Fig. 18) actually
causes an increase of the HEW beyond the prediction of Eq. 34, but it only affects the HEW at energies beyond
10 keV. The effect of this roughness excess on the effective area of ATHENA has still to be assessed, but this
will be done in a next phase of this project.

6. VERY FIRST MAGNETIC DIVERTER SIMULATIONS

The soft (< 1 MeV) proton flux on the detectors represents a major source of background in the cosmic en-
vironment outside the radiation belts.3! The problem of evaluating the impact of the soft proton background
was studied modeling the XMM spacecraft with the GEANT4 simulation package,3? but the observed flux to
the focal plane appeared to exceed the simulation results. The problem was in that the physical process used
in GEANT4 to explain the proton reflection off the mirror assembly was assumed to be the multiple proton
scattering in the Coulombian field of the atomic nuclei of the reflective layer. As a matter of fact, more efficient
processes, such as the Firsov-Remizovich scattering®® had already been proposed since the 60’s to justify the
reflection of soft protons off grazing incidence mirrors.

A deviation of charged particles without affecting the propagation of electromagnetic radiation can be effec-
tively obtained by an intense magnetic field. A magnetic electron diverter was designed and realized®* onboard
Swift/XRT, by positioning permanent magnets at the exit pupil of the JET-X module in correspondence of the
spider spokes. Although effective for electrons, the level of magnetic fields reached in the space crossed by the
electrons would have been insufficient to deflect protons, which are almost 2000 times heavier.

The magnetic field required to obtain a deflection of an angle 6 over a path of length L of a particle with
charge e, mass m, and kinetic energy K is:?°

2mK
B=0—"—, (35)

and, assuming to have a proton beam — e.g., characterized by a divergence equal to the maximum incidence
angle on the optics, 1.7 deg — to be diverted out of the field of view of the WFI, we take # ~ 2 deg, a magnet
axial length L = 15 mm, and a maximum kinetic energy K = 100 keV, so we obtain a required magnetic field
level of B ~ 1000 G. Higher kinetic energies clearly require higher values of L or B. However, it was estimated3%
that protons with K > 100 keV, after the energy losses in the detectors’ optical filters, would deliver an energy
outside the ATHENA energy band and would thereby be discarded as proton events.

Even though Eq. 35 can provide a useful guess on the magnetic field level required, it was derived in the
hypothesis of a uniform magnetic field, which is extremely difficult to obtain. The magnetic field from assembly
of permanent magnets has the advantages of no power consumption and high stability in time, but is in general
non-uniform. For this reason, the design and the performance verification of a proton diverter should be based
on a MonteCarlo method. We have already developed such a code in past years to simulate the effect of an
azimuthal magnetic field for the SIMBOL-X X-ray telescope.?”

In order to extend the previous work and design a magnetic diverter for ATHENA, all the following require-
ments have to be fulfilled:

e The magnetic field has to operate an effective diversion/deviation of the particle beam (protons and elec-
trons) out of the detector area, for K < 100 keV.
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Figure 20. a) Computed field lines for 3 lines of magnets on a single petal of ATHENA optics. The green circle represents
the inner rim of the optics. b) Isocontours of the magnetic field intensity in the mid-plane of the diverter. The magnetic
bar in the upper-left corner is subject to a torque of 0.03 Nm in CCW sense, a force of -6.7 N along x direction, and of
-16.8 N along y.
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e The magnetic field should not refocus stray protons towards the detectors.

e The magnetic assembly should have zero total dipole moment to avoid torques that would affect the
spacecraft orientation by interaction with the solar magnetic field in the L2 point.

e The magnetic field should decrease rapidly moving away from the diverter to avoid disturbance to detectors
or the related circuity.

e The diverter should not conflict with the mechanical mounting of the optics.

e The diverter should not obstruct the X-ray flux.

e The diverter should fulfill the allocated mass limits.

The initial magnetic configuration under test is the one shown in Fig. 20a: we have simulated magnetic bars
of 50 mm radial, 12 mm azimuthal, and 15 mm axial size in the spaces between MMs in the three innermost
rows of a single petal as per ESA’s current design.'? The simulated magnetic material is a Nd-Fe-B sintered
alloy with a magnetic remanence 1.2-1.3 T and a coercitive strength -950 kA /m. The total magnet mass for the
ATHENA optics using magnetic bars of this type can be estimated around 60 kg, plus the structures needed to
hold them in place.

The magnetic field computation (details are reported elswhere3®) show that in the test configuration adopted
here the magnetic field intensity in the space between magnets (i.e., in the regions where protons can be reflected)
takes on values close to 0.1 T or higher, more or less between the yellow and the orange contours in Fig. 20b.
Inside the magnetic material, the B-H variation is perfectly superposed to the nominal hysteresis cycle of the
material. The magnetic field decreases rapidly along the z-axis, and at only a 10 cm distance from the MD
mid-plane, it is below a few mT. On the focal plane, 12 m distant, the magnetic field is completely negligible.

Following Eq. 35, the simulated levels of magnetic field would be sufficient to fully deflect a collimated beam.
However, in reality the proton beam is only partly collimated, and the proton reflection is not perfectly elastic:
this introduces a relevant spread in the exit spectrum and directions that make the prediction of the proton
trajectory less deterministic. In fact, a divergent beam would require a comparatively higher magnetic field
intensity because the 6 angle appearing in Eq. 35 is the angular size of the detector to be avoided plus the initial
divergence angle of the proton. There is, as of today, some experimental work about the distribution of linear
moments of protons after reflection in grazing incidence,?” but a complete understanding of the proton scattering
physics, or even a complete empirical description of the phenomenon, is still lacking.



An alternative approach, reported in a paper of this volume,*° faces the problem using a particle simulator
developed at INAF-TASF Bologna, based on GEANT4 libraries, able to tune different physical processes at work
in the grazing reflection of charged particles. The results simulated for XMM-Newton, once compared to the
measured background by the EPIC detectors, provide clues in favor of the Firsov-Remizovich model as a good
candidate to describe the proton scattering off grazing-incidence optics. Hopefully, proton scattering experiments
in the next future should provide a description of the scattering distribution as a function of the kinetic energy,
the incidence angle, and the coating materials, to validate the scattering models. This should in turn provide an
accurate and reliable input to the magnetic diverter simulator.

7. CONCLUSIONS

A set of simulation and modeling tools are being developed by a collaboration between INAF-OAB and DTU
Space, covering crucial topics of the SPO-based design of the ATHENA optics, including geometrical optics
methods and physical optics simulations, particle tracing, and scattering predictions in very good agreement
with surface metrology and X-ray measurements taken at BESSY. The activities will be further developed in the
next two years to support the design, the performance simulation, the realization, the integration, the alignment,
and the verification of the ATHENA optical mirror assembly.
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