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Abstract. Athena is a Large-class astrophysics space mission selected by ESA to study the theme “hot and energetic
Universe”. The mission essentially consists of a large effective area X-ray telescope and two detectors: the X-ray
Integral Field Unit and the Wide Field Imager. Both instruments require filters to shield from out-of-band radiation
while providing high transparency to X-rays. The mission is presently in phase B, thus, in order to consolidate the
preliminary design, investigated filter materials need to be properly characterized by experimental test campaigns. In
this paper, we report results from high-resolution X-ray transmission measurements performed using different
synchrotron radiation beamlines, to assess the filter calibration accuracy and mitigate the risk related to selecting a
unique calibration facility. The main goals of these test campaigns are: (i) verify the compliance of the investigated
filter design to the scientific requirements, (ii) develop an accurate X-ray transmission model, and (iii) start
identifying suitable measurement facilities and achievable accuracy for the flight filters calibration program. In
particular, the X-ray transmission model of X-1FU and WFI filters has been refined within the edges of Al, C, N and
O, by deriving the optical constants from two reference samples measured by synchrotron light. The achievable
filter calibration accuracy has been estimated by evaluating the agreement between the best fit according to the
developed transmission model and the experimental data.

Keywords: X-ray transmission, astrophysics space mission Athena, X-IFU, WFI, optical and thermal filters.

*First Author, e-mail: elena.puccio@inaf.it

1 Introduction

In the Cosmic Vision 2015-2025 Science program of ESA (European Space Agency), Athena
(Advanced Telescope for High-Energy Astrophysics) has been selected as a Large-class
astrophysics mission to study the dynamical, physical, and chemical properties of hot plasma in
the Universe and to understand the role of black holes in shaping the environment, from local
accretion disks to galaxy cluster scales'. The mission, with launch scheduled in 2033, is
presently in phase B, ending with the Mission Adoption Review by ESA at the end of 2021.

Athena will be equipped with a large effective area (~ 1.5 m? at 1 keV) grazing incidence X-ray

telescope with a focal length of 12 m and two interchangeable focal plane detectors: the X-ray
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Integral Field Unit (X-IFU)? a microcalorimeter made of a hexagonal array of molybdenum-
gold transition edge sensors®, and the Wide Field Imager (WFI)*, a large array of depleted field
effect transistors (DEPFET) active pixels. The X-IFU is a cryogenic X-ray spectrometer
operating at a temperature of about 50 mK in the 0.2-12 keV energy range to offer high spectral
resolution (2.5 eV FWHM at 7 keV) over a field of view of 5 arcmin equivalent diameter. The
WEFI instrument is based on an array of silicon detectors covering a field of view of 40x40
arcmin® with a small detector of the same type, featuring high count rate capability, to observe
very bright point sources in the 0.2-15 keV energy range over a wide field.

Both instruments require filters to attenuate out-of-band radiation, similar to optical and thermal
filters already used for other instruments, such as the HRC® and ACIS® detectors on Chandra’
and the SXS microcalorimeter on ASTRO-H (Hitomi)®®. Indeed, the X-1FU detector must be
shielded from incoming UV-Vis-IR radiation, due to both the optical load from bright UV-Vis
astrophysical sources (e.g., massive stars, AGN’s) and the IR radiation heat load from the
instrument, which would degrade its energy resolution due to photon shot noise’®*2. The X-I1FU
filters are each to be mounted on one of five thermal shields at the operating temperatures of
300K, 100K, 30K, 2K and 0.05K, thus becoming an integral part of the thermal engineering of

I® are sensitive to UV-Vis

the cryostat. Likewise, the DEPFET active pixel sensors of the WF
photons with energies above the Si bandgap (~ 1.1 eV).

The comprehensive filter stack in the X-IFU instrument should allow an X-ray transmission
compliant with the Q.E. (Quantum Efficiency) requirements® in Table 1. Transmission

requirements®® are derived from the Q.E. for the whole X-IFU instrument, which is given by the

product of the filter stack transmission and the detector quantum efficiency. Since the X-1FU
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Q.E. at low energy mostly depend on filter transmission, a filter must be extremely thin, while
still compliant with both out-of-band radiation attenuation and mechanical requirements.

Before launch, both onboard instruments must be calibrated. The resolution of X-1FU is expected
to be ~ 2.5 eV FWHM, thus, during calibration, the photoelectric absorption edge structure
should be resolved by a factor ~10 better than the resolution required, with an absolute energy
knowledge better than 0.4 eV. The calibration accuracy on the total X-IFU Q.E. (filters and
detector), currently identified in the calibration plan®®, is the lowest between 4% absolute (0.04)
in a given energy bin and 3% relative to the transmission in that bin, over the full energy range of
interest, or a fixed value of 0.01 when Q.E. is less than 0.33. Calibration accuracy within edges is
required to be 3% on ground. However, the allocation budget on calibration accuracy between
the subsystems, namely, filters and detector, is yet to be defined, it is assumed to be mostly
allocated to the filter full stack at lower energies, where their Q. E. is lowest and the detector one
is highest, whereas the opposite is true on the higher end of the energy range. Calibration of
single filters can be performed, and the requirement is met by the square sum of all filters
calibration accuracies.

Given such demanding calibration requirements, we have started, as part of the research
activities for the design and development of Athena X-IFU thermal filters and WFI optical
filters, a campaign of X-ray transmission measurements on a set of representative filter samples
made of a thin layer of polyimide coated with aluminum, using different synchrotron radiation
facilities. Filter materials are chosen with a low atomic number Z, to have a high transmission in
the energy band of interest while shielding the IR and NIR energy ranges (polyimide), whereas
the aluminum coating has the ulterior purpose of reflecting the UV/VIS part of the spectrum.

Prior work was carried out on the calibration of aluminized polyimide films to be used as filters
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for previous X-ray astronomy missions*” ¥ *°. The main goals of this campaign are: to verify the
compliance of the baseline filter design to the scientific requirements, to develop an accurate X-
ray transmission model for the filters, especially within element absorption edges and to start

identifying suitable measurement facilities.
2 Materials and methods

2.1 Measured samples

Samples, produced by LUXEL (USA), are made of a polyimide (PI: C2,H10N2O,) layer of either
~ 45 nm or ~ 150 nm, coated with a thin aluminum (Al) layer of either ~ 20 or ~ 30 nm. Samples
with a thin PI layer are representative of the baseline for thermal filters inside the detector
cooling system for the X-IFU instrument, whereas those with a thick PI layer are investigated as
the baseline for the optical blocking filter of the WFI instrument.

Henceforth, all samples will be denoted by the following label: Al thickness/Pl thickness in
nanometers (e.g. 20/45 or 30/150). Filters are baselined to be further equipped with a honeycomb
Au/Ag plated stainless steel (SS) or Nb mesh with a 5 mm pitch between cells, cell bars 50-90
pm wide and a total blocking factor of about 2% (see Fig. la for a filter prototype). The mesh
serves multiple purposes, such as: structural strength, vibrational rigidity and improved thermal
conductivity. However, for ease of measurement, the samples used in these campaigns are
smaller, meshless versions mounted on a TF111/TF110 standard LUXEL frame (see Fig. 1b).
This choice is due to the fact that, in terms of X-ray transmission, the meshless samples can be
thought of as a single cell of the full-scale filter, since the beam spot never exceeds a diameter of
1.2 mm, and is entirely contained in a 5 mm mesh cell. Design is still ongoing on mesh materials

and geometrical properties. Nominal layer thicknesses and manufacturing tolerances are reported
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in Table 2. Only two samples come from the same production batch, and measurements could
not be repeated on the same sample in different facilities, since samples underwent several types

of tests, some of which destructive, whereas synchrotron measurements span over three years.

2.2 Synchrotron facilities

Three synchrotron facilities were selected to measure the EUV-Soft X-ray transmission of
samples:

- CNR-IOM BEAR beamline at Elettra (Trieste, Italy), for its capability of performing

measurements at the C K edge (http://www.elettra.trieste.it/elettra-beamlines/bear.html);
- PTB-EUV beamline at BESSY Il (Berlin, Germany), for its wide energy range including

the Al K edge (https://www.pth.de/cms/en/ptb/fachabteilungen/abt7/fb-71/ag-712.html);

METROLOGIE beamline at SOLEIL (Univ. Paris-Saclay, France), also for its wide

energy range (https://www.synchrotron-soleil.fr/en/beamlines/metrologie).

The energy ranges investigated include edges of Al, C, N and O, the elements present in each
filter representative sample (see Table 3).

An edge region usually spans from ~10 eV before the edge (pre-edge) to ~50-100 eV after it
(post-edge). Edge regions have to be included in the Q. E. requirements evaluation in calibration

tests. Beamline measurement conditions adopted in each campaign are summarized in Table 4.

2.2.1 Transmission measurement

The experimental procedure to obtain each filter transmission is described in this section with
reference to the BEAR beamline®. At the end of this section, relevant differences between

beamline specific procedures are outlined.
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The conceptual scheme of BEAR is reported in Fig. 2. The monochromator beam line is based

on an entrance slitless PMPG? optical layout. The inclusion angle was continuously changed

along the scan according to a pre-set working curve to mitigate the higher orders contributions.

In addition, a suite of high-energy cut-off filters was used, including an Al filter 0.2 um thick in

the range 40-72 eV, a Si filter 0.5 pm thick in the range 72-100 eV and two Ag filters, one 0.6

pm thick in the range 250-320 eV and the other 1 pm thick in the range 1100-1600 eV.

The photon beam intensity @(%iw), both impinging and transmitted, were measured by an SXUV-

100 photodiode. The reduction of incident photons per seconds was accomplished according to
?(hw) = I(hw)/[e - f (hw)], 1)

where l(hiw) is the pico-ammeter current (Is and lo for transmitted and impinging photon beam), e

is the electron charge and f(%w) is the diode quantum efficiency.

The Is and Iy currents were measured in two separate runs (acquisition times t; and t). The I

signal was acquired removing the sample (sample in/out in Fig. 2) from the measuring position.

The transmission (T) was obtained according to

_ st -Isq(t3)  lom(t2)~lomad(ea)
T(hw)_ISm(tl) ~Isma(t3)  Io(t2)—Ioq(t4) '’ @

where the currents with the m subscript indicate the simultaneous monitor signals of the
transmitted/impinging beam, that is, the emission current of the refocusing mirror (REFO in Fig.
2) or beam position monitoring (BPM) drain current (see Fig. 2) used in the regions of low
impinging intensity (typically the C K-edge). Monitor signals allow to normalize Is and Iy, taking
into account any impinging flux variation with time, mainly due to synchrotron beam decay
(Elettra works in top-up mode, typically percent over hours), together with any beam fluctuation

due to beam steering.
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The d subscripts in Eq. 2 indicate dark currents from reading pico-Ammeters. The consequent
correction is crucial at the low intensity regions, especially in the C K edge region, where optics
reflection is reduced by carbon contamination of optical surfaces. A schematic of the BEAR
beamline setup is reported in Fig. 2.

A similar procedural scheme was adopted at Metrologie and PTB-EUV, with their particular
instrumentation solutions and setups®*?!. The light spot at sample and energy step for all
beamlines are reported in Table 4. The C K edge was not acquired at PTB-EUV, and I, signal
was recorded before and after each Is signal and averaged out, whereas at Metrologie no
correction for dark current was implemented, a fact negatively affecting the signal to noise ratio

in low intensity regions such as the C K edge.

3 Quantitative modeling of filter transmission

In this section, a numerical modeling of a filter transmission is presented, together with a method
for recovering optical cross sections from experimental data. The model achievable accuracy in
predicting filter transmission over the energy range of interest is assessed, which is important to
plan the calibration activity of the flight filters.

A filter is a multi-layer of thin films, differing for thickness, atomic species and relative
concentration, its transmission curve can be divided in two regions: outside and inside edges.
Reliable literature values of the optical constants can be found for outside edge regions®,
however, this is not the case inside edge regions. Thus, the optical constants within edges were
obtained from experimental data, after fitting outside element edges using a model of the filter
transmission. The filter is described as a stack of thin films made of three materials: aluminum,
polyimide, and aluminum oxide. A layer of native aluminum oxide is introduced, since its

26-28

presence is known from the literature”> ", with a stoichiometry Al,O3; assumed henceforth.
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The filter transmission T(E) can be approximated as the product
T(E) = [I} el (3)

where x; is the height of the volume occupied by the iy, atomic specie and ; is its corresponding
linear attenuation coefficient. The linear attenuation coefficient is proportional to the imaginary
part f, of the atomic scattering factors.
On the basis of Eq. 3, we develop a model for filter transmission, involving directly the atomic
elements without any further constraint related to the specific material, such as its density and
stoichiometry (they shall however be considered afterwards to estimate each layer thickness).
The model allows to fit experimental transmission data, provided that the atomic scattering
factors are known. Qutside absorption edge regions, atomic scattering factors in Henke et al.
1993% can be used, however, within edges, we use the model to obtain effective values for f, of
each element from data. Specifically, the fit function is based on the product of the transmission
due to each element and has four free parameters, each element volume height in the layer:

T(E) =Ty Tc Ty Ty = el taEdxal ol-uc(Eyxcl ol-un(E)xn] ol-o(Eyxol  (4)
In Eq. 4, we disregard H, since it has a negligible absorption in the energy range of interest.
A preliminary fit was performed outside each element edge region on two reference samples,
using Henke tabulated values for f,. Focusing on one element at a time, e.g. Al, we then modeled
the transmission curve within its edge region due to all the other elements, using the preliminary
best fit parameters x;. We then divided the experimental transmission (Tex) by the modeled
transmission of all the other elements, given by the product Tc:-To- Ty in this example. The linear
attenuation coefficient (ua) can then be calculated by dividing the logarithm of this ratio by the

specific element volume height obtained from the preliminary fit. The f inside a specific element
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edge region are proportional to these values, which are smoothed with a polynomial and

interpolated over the energy range, and can be derived as in Eq. 5 (example for Al):

(o )ar (B = = In(722=). (5)
These effective values for f,, calculated from the experimental data, are atomic in nature, but take
into account each atom local environment within the material. For instance, since Al is present
both in the metallic and aluminum oxide compounds, the f, calculated for Al include both
components. This method can be safely applied if edges of different elements do not overlap
over the same energy range, as is the case for our samples. Having obtained effective values for f,
inside each edge, the fit can be performed again, over the whole energy range, now including
edge regions. From these best fit parameters, all layer thicknesses can be estimated, introducing
two quantities a posteriori: material density and stoichiometry. For instance, Pl thickness can be
estimated from the best fit parameter of either C or N. Starting from xy, and dividing it by the

product of PI density (1.4 g/cm®) times the nitrogen mass fraction fy (PI molecule Cx,H1oN20s),

PI thickness xpin), can be calculated as in Eq. 6:

24N

with =
' fw 22Ac+10Ag+2AN+440

(6)

XpI(N) = p;ﬁ
In principle, the same calculation can be carried out using Xc, but oxygen cannot be used since it
is also involved in aluminum oxide. However, knowing the Pl layer thickness from N, the Al,O3
layer thickness can be derived from the remaining number density of O atoms.

Finally, to define a 30 confidence interval (CI) and assess the accuracy achievable by the
transmission model, the percent relative error (%err) between best fit and data was calculated

and the corresponding CI estimated by modeling the maximum and minimum fit curves

according to the best fit.
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4  Results and Discussion

Experimental transmission data are shown in Fig. 3 for thin samples (X-IFU thermal filters) and
in Fig. 4 for thick samples (WFI optical blocking filters), comparing results obtained at different
beamlines. Notice that samples PN 3203 measured at Elettra and PN 3204 measured at SOLEIL
come from the same batch and thus the corresponding transmission data are closer, whereas
sample PN 2472 has slightly less Al (see Al L edge in Fig. 2). The opposite is true for the thick
samples, where sample PN 2460 measured at BESSY shows a slightly thicker coating of Al.

In Fig. 5, the fit performed outside edge regions using tabulated scattering factor is plotted, for a
reference filter (PN 3096). The experimental data of this filter was used to obtain the effective
values for f, of elements C, N and O in the ranges: 280 eV-375 eV, 395 eV-450 eV and 527 eV-
570 eV. A different reference filter (PN 2460) was used to obtain effective values for f, of Al
inside its L and K edges: 72 eV-220 eV and 1550 eV-1670 eV.

After obtaining the effective values for f, in all the elements edge regions from the reference
samples, a best fit was performed for all the samples, now including edges, to find each layer
thickness (see Table 5, where a star indicates reference samples).

From Table 5, the sum of Al and Al,O3 thickness is just a few nm less than the nominal value
provided by the filter manufacturer. This remains true when comparing the equivalent Al amount
(equiv. Al in Table 5), calculated from the total number of Al absorbers divided by the Al
density 2.7 g/cm?®. Possibly, the actual Al coating density could be slightly lower than expected,
because of the nanometric scale of the layer and the technological process involved. The Al,O3
thickness is in line with what is expected if the spontaneous oxidation process occurred on both
surfaces of the Al layer, since the value found in the literature is 3-4 nm per surface®. A slight
variability in Al,O3 thickness is observed, probably due to different ages of the samples, ranging

10
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from a few months to four years old. The thickness of the PI layer estimated from N is in overall
good agreement with the nominal thickness, except for the reference sample where it is
underestimated. The authors have no clear explanation about this slight discrepancy, possibly the
fact that this sample was used as the reference sample to retrieve the effective f, may have
influenced the result. In any case, the PI layer thickness from C is consistently overestimated.
There are at least two possible explanations: the first one is that samples, which have been
exposed to air in some instances, have some C surface contamination; the second is that there is
either a different stoichiometry of the Pl or carbon-based molecules trapped somewhere within
or between layers. We have a few X-ray Photoelectron Spectroscopy (XPS) measurements,
which preliminarily indicate the presence of C surface contamination.

In Figs. 6-8, datasets of thin samples with their best fit are shown, whereas a plot with the %err
along with its Cl is plotted in Fig. 9 for a thin sample, with a red vertical line to signal the low
energy threshold for the nominal sensitivity of the Athena X-ray sensors (200 eV), and two
horizontal lines to display the filter calibration requirement of £1% relative error.

Data at E < 200 eV, where the sample has a lower transmittance, are still important to accurately
estimate the Al layer, since the L edge is very sensitive to changes in the number of Al absorbers.
The best fit is overall in good agreement with all datasets, even inside edge regions. Regarding
BESSY Il and SOLEIL, the agreement of the fit to the data is very good, with a percent relative
error in transmission below 1% everywhere, except in the C, N, and O K-edges, where effective
f, were obtained from the thick sample measured at Elettra. Looking at the C K-edge measured at
SOLEIL, the shape is noticeably different from the same edge measured at Elettra, making this
measurement less reliable (as expected). The N K-edge measured at SOLEIL is also quite noisy,

whereas at BESSY the energy step is one order of magnitude bigger with respect to the Elettra

11
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one. Regarding the O K edge, the scattering factors were recovered from a thick sample, where
the relative amount of O in PI with respect to Al,O3 is bigger, also causing a difference in edge
shape between thin and thick samples as measured by all beamlines.

For what concerns Elettra, the fit is also in good agreement with the data, with a percent relative
error in transmission below 1.5% in the energy range of interest for Athena, excluding the C, O
and Al K-edges. Within these edges, the model reproduces the data less well, due to:

- A ~0.1eV shiftin the energy calibration of the C K-edge between thin and thick samples.
Since the reference sample from which effective f, were recovered is the thick one, this
shift also reflects on the fit accuracy for the thin sample in this region;

- BEAR performance at the high energy end of its range, where it is currently suffering an
important contamination of beam purity ascribed to stray zero-order light coming from
diffuse scattering at the grating and causing, in data reduction, an unphysical decrease of
the transmission as the energy increases. Empirical numerical correction is possible and
has been proven of use for spectroscopy purposes, though this fact does not make BEAR
the first choice for a quantitative measurement of the transmission in this range.

The agreement between best fit and data, in terms of percent relative error, is summarized in
Table 6, grouped by energy range. The N, O and Al K edges are reported separately, whereas the
more problematic C K edge is not included.

Overall, the model is in good agreement with the data, in terms of percent relative error.
However, some improvement is necessary to meet the X-IFU strict calibration requirements,
especially within C and O K-edges, both in terms of obtaining improved effective f, and of
developing an absolute energy scale calibration strategy. The effective f,, however, appear well

suited to model each element edge region, thus increasing the fit agreement with the data.
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5 Conclusions

The two onboard instruments of the astrophysics space mission Athena, X-IFU and WFI, have
severe calibration requirements. In order to meet the goals of the filters calibration plan, we have
started several X-ray measurement campaigns, using different European synchrotron radiation
facilities. Our aim is to characterize filter materials, presently investigated for the filters
preliminary design, and to get some confidence on the measurement accuracies achievable in the
flight filters calibration program. More than one facility is needed in this regard, to mitigate the
risk of potential unavailability of the beamline during calibration measurements on flight filters.
Transmission data were acquired for six filter samples, made of a thin polyimide membrane
coated with aluminum, at three different synchrotron facilities: CNR-IOM BEAR at Elettra
(Trieste, IT), PTB-UV at BESSY Il (Berlin, DE) and METROLOGIE at SOLEIL (Univ. Paris-
Saclay, FR). A model was developed, based on the transmission of a gas of elements Al, C, O,
N, with four free parameters, to determine each layer thickness. New effective values for the
imaginary part of the scattering factors were obtained by a preliminary fit of two reference
samples, with the goal of refining the fit accuracy within edge regions. The layer thicknesses
obtained from the best fit parameters are in general in good agreement with the nominal ones.
The percent relative error between best fit and data was evaluated, to estimate the model
accuracy in reproducing the data, in view of satisfying the strict calibration requirements of the
X-1FU instrument. A good agreement between the measured transmission and best fit was found
for all the sample filters. Finally, actions should be undertaken in acquiring more accurate data,
such as developing an absolute energy calibration strategy specific for our samples, which takes
into account the very strict calibration requirements of X-IFU filters, to be run prior to each
experimental campaign, and investigating filter surface C contamination.
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Table 1 X-IFU Q. E. and filter transmission requirements for the comprehensive filter stack.

Energy X-IFU Q.E. Tiijters

0.35keV >17% >21%
1 keV >67% >76 %
7 keV >72% >89 %
95keV  >50% >89 %

Table 2 Nominal layer thicknesses of Al and P for each sample with its tolerances from the manufacturer displayed
in parenthesis. Next to each sample, in parenthesis, is indicated the synchrotron facility where it was measured.

Sample (synchrotron)

Part Number (PN) Al (hm)

Pl (nm)

20/45 (Elettra)
20/45 (SOLEIL)
20/45 (BESSY I1)
30/150 (Elettra)
30/150 (SOLEIL)
30/150 (BESSY 1)

3203 20.6 (2.5)
3204 20.6 (2.5)
2472 21.5 (2.5)
3096 31.1 (5)
2677 28.8 (5)
2460 30.4 (5)

455 (5)
455 (5)
42.7 (5)
149.7 (5)
153.4 (5)
157.8 (5)

Table 3 Atomic L- and K-edges indicative energy ranges in the measured samples.

Element L-edges K-edge
Al 73eV,118eV 1560 eV
C - 284 eV
N - 402 eV
0 - 532 eV

Table 4 Measurement parameters adopted for the campaigns at BEAR (Elettra - Trieste, IT), PTB-EUV (BESSY Il -
Berlin, DE), and METROLOGIE (SOLEIL - Paris, FR) beamlines.

BEAR at Elettra

PTB-EUV at BESSY I

METROLOGIE at SOLEIL

Spot size 0.4x0.7 mm? (VxH)
Spectral resolution E/AE ~ 2000
Energy range 40-1650 eV

Energy step 0.05eV

Number of data points ~ 32000

1.2x1 mm? (VxH)

E/AE > 1000

55-1800 eV

2-20 eV outside edge regions
0.2-0.4 eV inside edge regions
~ 800

0.6-1x1 mm?* (VxH)

E/AE > 1000

30-2000 eV

1-2 eV outside edge regions
0.2-0.5 eV inside edge regions
~ 3000

Table 5 Layer thickness of each material (Al, Al,Os, and PI) with its 3o statistical uncertainty in parenthesis, as

obtained

from the best fit parameters.

Best fit thicknesses Nominal thickness
(nm) (nm)

Sample Al ALO equiv. Al CHArOM o ome) | Al(nm)  PI (nm)
(synchrotron) 273 quiv. N)
20/45 (Elettra) 9.4 (0.2) 85(0.2) 16.00(0.02) 455 (L1) 57.8 (0.1) 206 (25) 455 (5)
20/45 (SOLEIL) 9.1 (0.6) 85(0.7) 15.61(0.06) 49 (4) 58.3 (0.5) 206 (2.5) 455 (5)
20/45 (BESSY 1) 9.3 (1.0) 74(11) 15.0(0.2) 46 (6) 55.9 (1.1) 21.5(25) 427 (5)
30/150 (Elettra)* 206(0.2) 9.4(03) 27.90(003) 1375(L3)  177.3(02) | 3L.1(5) 149.7 (5)
30/150 (SOLEIL) 184 (15) 11(2) 26.8 (0.2) 146 (10) 178.0 (1.3) | 28.8(5) 153.4 (5)
30/150 (BESSY II)* 23 (3) 10 (4) 30.6 (0.5) 164 (20) 197 (3) 30.4 (5) 157.8 (5)

* reference samples used for the determination of the effective values for f, inside edges.
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Table 6 Percent relative error between data and best fit for 20/45 samples grouped by energy range (in eV). K edges
are listed separately and the C K edge is not reported.

Percent relative error (%)
Sample (synchrotron) 0.2<E<0.4 keV N Kedge 0.4<E<0.6keV OKedge E>0.6keV AlKedge

20/45 (Elettra) <+15 <+1 <1 >3 <#1 <*2.7
20/45 (BESSY 1) <tl <£1.2 <tl >3 <zl <zl
20/45 (SOLEIL) <+1 <+1.7 <+1 >3 <1 <1

Figure Caption List

Fig. 1 Sample filters with a thin PI membrane, coated with Al. (a) Filter sample with a 5 mm
pitch Au plated SS honeycomb mesh mounted on a TF130 standard frame. (b) Meshless filter
sample mounted on a TF110 standard frame, as used in the campaigns here reported.

Fig. 2 Conceptual scheme of the BEAR beamline, downstream from synchrotron (Elettra) on the
right (not shown): beam position monitor (BPM), polarization selector (not used, fully open in
these runs), PGPM monochromator (two gratings, GNIM not used in these runs) and G1200, exit
slit and filter wheel, light shutter, REFO refocusing mirror, sample stage (cooling system not
used in these runs) with sample mounted and beam in/out movements in the experimental
chamber (base pressure low 10”° mbar) together with light detector (AXUV diode). Instruments
indicate p-Ammeters measuring monitor current, sample drain current (not used in these runs)
and diode current. BPM plates drain current p-Ammeters not shown in figure.

Fig. 3 Comparison between experimental transmission data acquired at Elettra (orange line),
SOLEIL (blue line) and BESSY 11 (black line) on 20/45 thin samples. Data in the C K-edge is
absent for BESSY I1. Insets show zooms of edges element-wise.

Fig. 4 Comparison between experimental transmission data acquired at Elettra (orange line),
SOLEIL (blue line) and BESSY 11 (black line) on 30/150 thick samples. Data in the C K-edge is

absent for BESSY I1. Insets show zooms of edges element-wise.
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Fig. 5 Experimental data (black dots) of a reference thick sample measured at Elettra (PN 3096),
used to obtain effective values of f, for C, N and O (red line).

Fig. 6 Dataset of 20/45 sample (black dots) measured at Elettra with its best fit (red line).

Fig. 7 Dataset of 20/45 sample (black dots) measured at SOLEIL with its best fit (red line).

Fig. 8 Dataset of 20/45 sample (black dots) measured at BESSY Il with its best fit (red line).

Fig. 9 Percent error (%err) between data and best fit (blue squares) for sample 20/45 measured at

BESSY Il with its Cl (grey area). Red lines define the range of interest for filter calibration.
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