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ABSTRACT

The X-IFU instrument of the ATHENA mission requires a set of thermal filters to reduce the photon shot noise onto its
cryogenic detector and to protect it from molecular contamination. A set of five filters, operating at different nominal
temperatures corresponding to the cryostat shield temperatures, is currently baselined. The knowledge of the actual filter
temperature profiles is crucial to have a good estimation of the radiative load on the detector. Furthermore, a few filters
may need to be warmed-up to remove contaminants and it is necessary to ensure that a threshold temperature is reached
throughout the filters surface. For these reasons, it is fundamental to develop a thermal modeling of the full set of filters
in a representative configuration. The baseline filter is a polyimide membrane 45 nm thick coated with 30 nm of high-
purity aluminum, mechanically supported by a metallic honeycomb mesh. In this paper, we describe the implemented
thermal modeling and report the results obtained in different studies: (i) a trade-off analysis on how to reach a minimum
target temperature throughout the outer filter, (ii) a thermal analysis when varying the emissivity of the filter surfaces, and
(iii) the effect of removing one of the filters.

Keywords: ATHENA, X-IFU, thermal simulation, thermal filters,

1. INTRODUCTION

The X-ray Integral Field Unit (X-IFU), a high spectral resolution energy dispersive detector, is one of the two
instruments of the Advanced Telescope for High ENergy Astrophysics (ATHENA) mission. Its array of
Transition-Edge Sensor (TES) microcalorimeters will be sensitive in the 0.2-12 keV energy range with an energy
resolution of 2.5 eV at 7 keV. Such requirements will exceed the performance of currently operating X-ray
observatories like Chandra or XMM-Newton[3].

The X-IFU will operate below 100 mK, requiring a multi stage cryostat to guarantee the requested temperature. The
cryostat must have an open optical path to allow the X-rays to reach the detector. However, this path would also let
through unwanted radiation (e.g. infrared radiation). A set of filters, named Thermal Filters (TF), are required to
attenuate the infrared radiative load on the TES and minimize the energy resolution degradation due to photon shot
noise[5].

The TFs shall be both highly transparent in the soft X-ray energy range and reflective in the infrared range, furthermore,
they should provide protection from molecular contamination, from low energy particles, and show good mechanical
properties. The baseline design of the TFs is based on experience from previous missions such as Chandra and XMM-
Newton [7][8][8], since the filters of such astrophysical observatories are still working with no signs of degradation
[10][10]. According to the current design the filters will be made of a thin film of aluminized polyimide to achieve both
high X-ray transmission and good infrared reflection. On the other hand, the thermal conductance of thin films is very
poor, so the filters would not reach the temperature of their corresponding shields. However, the presence of a metallic
mesh, the role of which is to give mechanical support to the filter, provides a more efficient thermalization of the TFs.
Here, we report stationary computational studies of the TFs thermal behavior in different configurations.
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2. CURRENT DESIGN AND THERMAL MODELING INPUT PARAMETERS

2.1 Current design of thermal filters

The two filters closer to the detector are mounted on the focal plane assembly, the outer three are fixed to the dewar shells,
which are part of the cryogenic cooling system. Each filter consists of a thin polyimide membrane (45 nm thick) coated
with an aluminum film (~30 nm thick). They are named using the acronym TF followed by the value of their nominal
shield temperature in Kelvin, namely: 200, 100 and 30 for the dewar filters, 2 and O (for simplicity instead of 0.05) for the
focal plane ones. The only interaction between the filters is by radiative transfer, since they are in direct contact only with
their corresponding shields and the instrument operates under vacuum. A clarifying schematic of the filter stack is reported
in figure 1, and geometrical parameters are reported in table 1.
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Figure 1. Geometric model of the currently investigated thermal filters assembly.

Table 1. Geometrical parameters of the thermal filters used in the model. T is the nominal filter temperature,
corresponding to the shield temperature, Z is the distance from the detector, and D is the filter diameter.

Filter T (K) Z (mm) D (mm)
Name | Shield temperature | Distance from detector | Diameter of the filter
TF200 200 240 100
TF100 100 210 88
TF30 30 180 76
TF2 2 130 56
TFO 0.05 15 26

To provide mechanical strength and radio frequency attenuation, a metallic mesh is required. Different materials for the
meshes are under evaluation; niobium is being considered for the TFO mesh, stainless steel (SS) 304 plated with at least 5
um of gold for the other four filters. The geometrical parameters of the currently evaluated hexagonal meshes are reported
in table 2.
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Table 2. Geometrical parameters of the currently evaluated hexagonal meshes.

Filter Mesh pitch Mesh Wire thickness | Wire width Plating thickness BF
(mm) material (nm) (1nm) (nm) (%)

TF200 5 SS/Ag 80 40 10 24
TF100 5 SS/Au 80 40 5 2.0
TF30 5 SS/Au 80 40 5 2.0
TF2 2 SS/Au 40 20 5 3.0
TFO 2 Nb 40 20 - 2.0

As described, the meshes of TF200, TF100, TF30, and TF2 are composed by a combination of two different materials. A
sketched section of a mesh wire is depicted in figure 2 as example.

0.080 mm
0.090 mm

Figure 2. Section of a TF100 and TF30 mesh wire. In grey the SS304 cross-section and in yellow the gold plating one.

The choice of plating the meshes with gold was made to prevent fluorescence emission from the stainless steel wires,
induced by background particles. Gold exhibits a higher thermal conductance than the SS304, as a consequence its presence
may facilitate the thermalization of the TFs.

2.2 Material properties

Temperature dependent thermal conductivity, k, is considered in the modeling. The trends of k for gold[12] and SS304[13]
are plotted in figure 3.
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Figure 3. Thermal conductivity of gold (left panel) and SS304 (right panel) as a function of temperature.
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The thermal conductivity of gold is hundreds of times higher than that of SS304. Each mesh is modeled with a single
equivalent material; for TF30, TF100 and TF200, the mesh thermal conductivity Kmesn is Obtained by weighting the SS304
and gold conductivities with their cross sections, as illustrated in figure 2. kmesh is therefore calculated as follows:

kmesn(T) = kss(T) * Ags + kg (T) * Agy, 1)

where kss and ka, are the thermal conductivities of SS304 and gold respectively, while Ass and Aay are the fractional cross
section areas of SS304 and gold. Ass and Aa, values are summarized in table 3 for different mesh configurations.

Table 3. Gold and SS304 fractional cross section areas for different mesh configurations.

Wire thickness | Wire width | Plating thickness
Ass Aau
(pm) (pm) (pm)
80 40 10 0.533 | 0.467
80 40 5 0.711 | 0.289
40 20 5 0.533 | 0.467

The TFO mesh is made of pure niobium, which at 50 mK is known to be in superconducting state[15].; since at such low
temperatures the actual thermal properties are strongly dependent on included impurities and on the material processing,
measurements on the specific material to be used will be needed. Because of the lack of information, data for the TFO is
not reported in this paper.

To simplify the model, we replaced each mesh with a uniform layer with the same thermal conductivity and an equivalent
thickness. This thickness is calculated as the mesh thickness multiplied by the blocking factor that is the ratio between the
area covered by the mesh and the filter area.

3. PRELIMINARY ASSESSMENT

The emissivity of aluminum [16] is well known to be very low (~0.05), on the contrary the emissivity of bulk polyimide
may have quite high values. However, the emessivity is a surface property, valid generally for opaque bodies. Its use can
be extended for computation to semi-transparent thin bodies, but the equivalent emissivity has to be considered as a
function of temperature and film thickness [17] Moreover, in our case, the aluminum coating on the opposite face will
influence the equivalent emissivity of the polymide face. At the thermal equilibrium

t+r+e=1 )

Where, 1 is the transmissivity, p is the reflectivity, and ¢ is the emissivity.

Infrared (IR) transmission spectra for polyimide, reported in [18] show variations in relation to the temperature. This effect
might be explained with an increase of the reflectivity/emissivity with decreasing temperatures. In a conservative
hypothesis we can assume that the reflectivity is unchanged while the emissivity increases cooling down the polyimide.
From those data we can conclude that the emissivity of the polyimide is at most 0.04 at 300 K, and 0.06 at 50 K. Because
of limitations of the simulation software, we are only inlcuding in the computation the emitted and the reflected
components neglecting the transmitted one. Anyway, from [18] it is clear that the IR transmission of 30 nm of Al in the
range 1-10 um is 10-2-10#, and we can safely assume that the main components are the emitted and the reflected.
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The TF200 Al side faces the telescope, that will be kept at 300 K in flight [19]. For all the filters the Al side is directed
toward the stages at higher temperature and the polyimide side toward the colder stages.

Between two consecutive filters, each TF is protected laterally from additional heat load by a baffle at the same temperature
of the colder shield. We also assume that the emissivity of the upper and the lower surfaces of the TFs frames are different.
Lower surfaces shall be shiny, with a low emissivity (0.05). Upper surfaces shall be made as close as possible to a black
body, and we assume that their emissivity is 1.

3.1 Temperature profile inside a single element of a mesh

In order to verify the validity of our approximation of substituting the mesh with a homogeneous film, as described in the
last paragraph of section 2.2, the thermal gradient inside a single element of a mesh (cell) was simulated as a function of
polyimide emissivity (0.05, 0.15, 0.5, 1).

The simulations were carried out using a 2D model, schematically depicted in figure 4. The reported case is referred to the
TF100, and the input parameters are: mesh pitch 5 mm, polyimide thickness 45 nm, Al thickness 30 nm, and aluminum
emissivity equal to 0.05. The temperature in the contact region between the mesh (fig.4 in grey) and the polyimide (fig.4
in red) is fixed at 100 K. For the simulation showed in this paragraph the ambient temperatures are 300 K, for the aluminum
side, and 100 K, for the polymer side.

mesh pitch =5 mm

-

>

-~——mesh section

polyimide 45 nm

aluminum 30 nm

X-axis

Figure 4. Section of a single element of the TF100 used for the study of the temperature profile inside the single
element. In gray the section of the mesh, in red the polyimide, and in blue the aluminum.

The thermal conductivity of polyimide and aluminum are set to 0.149 WmK-! [14] and 3000 Wm™K-! [20], respectively.
In such conditions, we evaluate the temperature profiles along both the x and z axes. The simulated data are reported in

figure 5.
along x-axis ¢=0.05 along z-axis €=0.05
125 —— ¢=0.15 125} — ¢=0.15
£=0.5 €=0.5
120 — &=t 120} = e
~T115F ~115F
hV4
N ~—
— 110F — 110}
105 105F
100 100F
95 ! L 1 1 95 1 1 1
0 1 2 3 4 5 0 20 40 60
mm nm

Figure 5. Temperature profiles along one single element of TF100 with mesh pitch of 5 mm. Left panel: Temperature
profile along x- direction at different polymer emissivity values 0.05 (blue line), 0.15 (green line), 0.5 (orange line),
and 1 (red line). Right panel: Temperature profile along z- direction at different polymer emissivity values 0.05 (blue
line), 0.15 (green line), 0.5 (orange line), and 1 (red line).
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Along the z-axis the temperature profile is constant for all the considered polyimide emissivities, and we can neglect the
temperature gradient across the thickness of the Al and polyimmide films. With regard to the x-axis, the temperature
gradient inside a single element of the mesh can be neglected for low values of emissivity. For a smaller pitch the gradient
is reduced, because the cell area is lower. The filter at 30 K will show a smaller gradient, since at that temperature the
thermal conductivity of aluminum is higher than that at 100 K[13]. Considering that the low emissivity values are the most
realistic ones, we can assume that from a thermal point of view each filter can be described as a film composed of the same
material of the mesh and thickness such that its mass equals the mesh mass.

3.2 Temperature requirement for the outer filter

One of the tasks that the filters should accomplish is the protection of the detector from molecular contaminants. For
previous X-ray missions, such as for the ACIS instrument on Chandra, the molecular contamination of the filters was
individuated as one of the crucial causes of the progressive loss of the sensitivity at low energy since the first operating
years [21].. The ACIS case suggests the possibility of using a constant or periodic heating to clean the X-IFU filter surfaces
from contaminants. Since at 200 K the molecular contamination can already occur, the outer filter, TF200, which is
potentially more exposed to contamination, must be kept at temperature higher than the environment. As a consequence,
a minimum temperature requirement of 320 K was set for the TF200[21].. A way to meet this requirement would be to
heat the frame of the outer filter at higher temperature. A study to determine the needed TF200 frame temperature is carried
out and is reported in the next section (section 4.1). In this respect three different options for the TF200 mesh, summarised
in table 4, are evaluated and discussed. We evaluate a SS304 mesh coated with 5 um of gold (option #A), a SS304 mesh
coated with 10 pm of gold (option #B), and a SS304 mesh coated with 10 um of silver (option #C).

Table 4. Mesh materials and thickness of gold (or silver) plating for the three options investigated for the TF200.

OPTION ([ Mesh material for TF200 | Plating thick.
(nm)
#A SS304/Au 5
#B SS304/Au 10
#C SS304/Ag 10

4. RESULTS AND DISCUSSION
4.1 Trade-off analysis for heating the outer filter to 320 K

Here, we report the temperature profile of the TF200 at different temperatures of the frame, keeping the emissivity of
polyimide at 0.05. The simulation for option #A (left panel of figure 6), a SS304 mesh with 5 um of gold plating and
blocking factor 2%, shows that the frame must be warmed up to 500 K to obtain 320 K at the center of the filter. This is
an unfeasible solution for the X-IFU cryostat in terms of thermal budget, so we studied the possibility of a thicker gold
plating of the mesh wires to facilitate the thermalization. In option #B we increase the gold plating up to 10 um, at the
expenses of the blocking factor that raises up to 2.4 %. In this case (middle panel of figure 6) the frame must be warmed
up to 390 K to obtain 320 K at the center of the filter. In order to decrease further the temperature of the frame we investigate
the possibility of use silver instead of gold. Silver has a higher thermal conductivity at 300 K (430 Wm™*K-! [20]) than gold
(317 WmtK-[14]), and if the thickness is larger than 7 pm it is also efficient in the absorption of fluorescence emissions
from the stainless steel wires, as reported in [23].. In this regard the option #C (right panel of figure 6), a SS304 mesh with
10 um of silver plating, was studied. The temperature profile shows that the frame must be warmed up to 360 K to obtain
320 K at the center of the filter. As a result we can assert that such a configuration might be doable, provided that such
frame temperature will be proven compatible with the cryostat thermal budget. This trade-off analysis shows that to warm
up the filter at temperature higher than 300 K a thicker plating is necessary both for gold and silver cases, and that silver
may be a good solution in terms of efficient thermalization and thermal budget.
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Figure 6. Radial temperature profiles of TF200 with polyimide emissivity set to 0.05. The black dotted line shows the
temperature required at the center of the TF200. Left panel: radial temperature profile of TF200 with gold plating
thickness 5 um for frame temperatures of 500 K (purple line), 450 K (blue line), 400 K (green line), 350 K (orange
line), and 300 K (red line). Middle panel: radial temperature profile of TF200 with gold plating thickness 10 pm for
frame temperatures of 450 K (magenta line), 420 K (purple line), 390 K (blue line), 360 K (green line), 330 K (orange
line), and 300 K (red line). Right panel: radial temperature profile of TF200 with silver plating thickness 10 pm for
frame temperatures of 450 K (magenta line), 420 K (purple line), 390 K (blue line), 360 K (green line), 330 K (orange
line), and 300 K (red line).

4.2 Effects of the polymer emissivity

The thermal behavior of the filters at different values of polymer emissivity was also studied. For all the following reported
simulations the input parameters for the TF200 are those of the option #C (see table 2), since silver allows to operate with
a colder frame to reach the minimum temperature requirement (see section 4.1). The radial temperature profiles for TF200,
TF100, TF30, and TF2 are reported in figure 7 and 8.

400 130
— =005 #TF200 — =005 #TF100
— £=0.15 — £=0.15
£=0.5
350 120 — &=1
~~ ~~
X 300 X110}
= =
250 100}
200 1 L L 1 1 90 1 L 1 L
0 10 20 30 40 50 0 10 20 30 40
Radial distance (mm) Radial distance (mm)

Figure 7. Radial temperature profiles. Left panel, temperature profile of TF200 for different polymer emissivity values:
0.05 (blue line), 0.15 (green line), 0.5 (orange line), and 1 (red line). Right panel, temperature profile of TF100 for
different polymer emissivity values: 0.05 (blue line), 0.15 (green line), 0.5 (orange line), and 1 (red line).
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Figure 8. Radial temperature profiles. Left panel, temperature profile of TF30 for different polymer emissivity values: 0.05
(blue line), 0.15 (green line), 0.5 (orange line), and 1 (red line). Right panel, temperature profile of TF2 at different polymer
emissivity values: 0.05 (blue line), 0.15 (green line), 0.5 (orange line), and 1 (red line).

The colder filters, TF30 and TF2, have a low sensitivity to the emissivity of the polyimide; on the contrary, TF200 and
TF100 are strongly affected by this parameter, even though the effect is completely different in these last two cases. If the
emissivity of the TF200 is high, its net radiative emission increases (it is the hottest body in the cryostat) and the filter
cools down considerably. On the other hand, the TF100 heats up to 118 K if the emissivity is high, while it warms up to
108 K if the emissivity is 0.05. As a consequence, an experimental campaign to measure the emissivity of 45 nm of
aluminized polyimide in the 100-360 K range would be crucial to improve the thermal model of the filters.

4.3 Removal of a filter

In this section, we evaluate the effect of the removal of a filters for two main reasons: to explore the possibility of
eliminating one filter in the final design to increase the X-ray transmission, and to analyze the case of a damage that might
partially or fully break one of the TFs. Firstly, the occurrence of a localized damage was simulated. Such a damage was
supposed to be a hole at the center of one of the filters TF200, TF100, and TF30, with diameter equal to the mesh pitch.
In all these cases the presence of a hole does not change the temperature profiles, therefore the resulting numerical data is
not reported.

The temperature profiles of TF200, TF100, and TF30 when a filter is removed is reported in figure 9.

160 33
360L #TF200 #TF100 #TF30
;) D
140 Yoy
340 31}
Y o) ~~ U
N ¥ 120 ¥
N’ N—r N
~ et e X
320 —
— lack of TF100 100F __ jack of TF200° 29k —— lack of TF200
300f 77" lack of TF30 ---= lack of TF30 ---- lack of TF100
5 filters 5 filters 5 filters
L L L L 1 80 L L 1 L 28 1 L 1
0 10 20 30 40 50 0 10 20 30 40 0 10 20 30 40

Radial distance (mm) Radial distance (mm) Radial distance (mm)

Figure 9. Radial temperature profiles when the removal of a filter occurs. Left panel: temperature profile of TF200 in
case of lack of TF100 (blue solid line), lack of TF30 (blue dotted line), and filters all present (black + symbol). Middle
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panel: temperature profile of TF100 in case of lack of TF200 (red solid line), lack of TF30 (red dotted line), and filters
all present (black + symbol). Right panel: temperature profile of TF30 in case of lack of TF200 (green solid line), lack
of TF100 (green dotted line), and filters all present (black + symbol).

The temperature profiles of figure 9 show that TF200 is basically not affected by the removal of TF100 or TF30. On the
contrary TF100 is undoubtedly sensible to the absence of the TF200 since the temperature at the center of the filter
increases by 36 K, while the lack of TF30 seems not to have any effect on its temperature profile. The TF30 is affected by
the removal of TF100 although the increase of the temperature is quite moderate (~2 K).

From these findings, the removal of TF200 is unquestionably unfeasible, on the other hand the removal of TF100 or TF30
might be considered. If the TF100 is removed the effect on the TF200 is negligible and the effect on the TF30 is relatively
small, and if the TF30 is removed the effect on both TF200 and TF30 is negligible. Anyway, in these last two cases the
evaluation of the photon shot-noise on the detector should be carried out to understand if a configuration with 4 filters
might be viable [24].. This solution would increase substantially the X-ray transparency of the filter set, to the advantage
of instrument sensitivity.

5. CONCLUSIONS

In conclusion, a simulation based thermal study of the X-IFU TFs is reported. We find that, for the more favorable
configuration that envisages a silver plating of 10 um over the outer filter mesh, the TF200 frame must be warmed at least
up to 360 K to obtain 320 K at the center of the filter. The effect of a variation of the polyimide emissivity is also
investigated, and our results show that such value affect mainly the two outer filters, and suggest that an experimental
campaign to determine the emissivity of 45 nm of aluminized polyimide is essential. Moreover, the removal of a filter
(TF200, TF100, and TF30) is studied, and our findings show that is worth to investigate the possibility to reduce the
number of filters from 5 to 4, removing the TF100 or the TF30, while the removal of the TF200 is not acceptable.
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