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1. Aim of the document

Aim of this document is to present roughness characterizations obétadcSilicon strips (size: 100
mm x 10 mm x 1 mm) provided by ESA and the X-ray and surface chaatitar of Mo/Si samples
deposited onto substrates of the same kind. It is also of the samef kindstrates used to produce,
after a chemical etching of one side of each stripe and an opposteraldy procedure, light-weight
pore optics which is the present baseline for the realization oKH\¢S telescope [AD1]. The
present activity is the follow-up of a similar study performe@d4 onto a Silicon sample, provided
by ESA as well [AD2]. In this case, some Silicon samples hése lseen coated with multilayer
films, deposited at INFN-LNL.

The strips characterization has been performed at INAF-OAS®, mlaking use of some
instrumentation available &edia-Lario techn We report here the results obtained in the multi-
instrumental topographic analysis, by means of the following instrumentation:

LTP Long Trace Profilometer

WYKO Optical Profilometer

PROMAP surface roughness imager
AFM

BEDE 1D X-ray triple axis Diffractometer

ASANENENEN

Most characterizations have been performed on the sarbpfese and after the deposition of
multilayer coating at INAF/OAB expressing the results in terms of Power-3gkebtensity (PSD,
[RD1]), i.e. along with the power spectrum of rough profiles, as drateseveral locations of the
samples in order to increase the statistical significantieeotharacterization. This representation of
results enables a useful comparison of results retrieved fromrrestts having a specific spectral
range of sensitivity, as the resulting PSDs should be consistédmteath other in the common
spectral ranges. In addition, the comparison of samples in tern&o&Bo highlights the roughness
modification (worsening of improvement) consequent to the multilayagirgys deposition. Finally,
the PSD is the physical quantity that mainly determines thay)éeattering (XRS), which is in turn
responsible for the increasing degradation of imaging quality iayXaptical systems for increasing
photon energy [RD2].

Topographical characterizations reported in the following are basdayitedl maps/ profiles
of representative regions of the Silicon samples: X-ray teflgc tests permit an independent
evaluation of the roughness, averaged over a larger fraction oflitenSamples. In addition, LTP
measurements also allowed us tracing the figure of the substhat¢he “Test Plan” document
(JAD3]) a detailed description of the kind of instrumentations and measuatementioned above, in
addition to the typical performed analysis, are reported.
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2. Uncoated Silicon strips: roughness characterizat ion

The uncoated samples consist of 6 strips (10 cm long, 1 cm wide, 0.8 riijrBtlabelled by ESA as
“Jan 06”, and 3 as “Nov 05”. We shall heretofore denote the samples fifsthgroup with J1, J2,
J3, whilst those of the second type with N4, N5, N6. The results wdkparately provided for the
two groups, even though the PSD will be given as averaged within eagh @f samples. The two
sides of the samples arenventionallylabelled with “A” and “B”.

2.1 LTP profiles — planarity and roughness

The deviation of the Silicon strips from planarity have been measyreteans of the optical LTP
operated at INAF/OAB. Both sizes of the six strips were oreas During the profile scans
acquisition, the samples were laid on an optical paper sheet. Theesunddiles of the samples are in
Fig. 1: for all samples but two (J1 and J3), the profiles on theites are not symmetric. This could
indicate a non uniformity of the samples (a few micron) or ahteigluced deformation of samples
at measurement time.
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Fig. 1: LTP profiles of the Silicon strips.

The samples figure, as measured with LTP, highlights an improvem#mtespect to the
case of sample characterized in [RD2]. In that case the peak-valley obfie\was 5.4um whilst in
the present dataset the P-V does not excqed.2Ve list in Tab.1 the listed the P-V values that can
be also derived from Fig.1.

In addition, we performed the subtraction ofactder polynomial from the profiles in Fig. 1,
deriving thereby the noisy residuals that represent the low-frequeunginess of the samples. The
PSD of residuals have been computed and averaged for the two groups of :dlmpéssilting PSD,
as a function of the spatial wavelength, are shown in Fig. 2. The3Ws Bre quite similar and fit a
typical power-law spectrum: P(f) =,K" where f is the spatial frequency.

Istituto Nazionale di Astrofisica (INAF)
Via del Parco Mellini, 00100 Roma, Italy
Osservatorio Astronomico di Brera (OAB)
Via Brera 28, 20121 Milano, Italy
Via E. Bianchi 46, 23807 Merate, ltaly




Multilayer Coatings for High-Energy Optics for Astrophysics

Silicon mirrors for the XEUS X-ray telescope pof#ics:
microroughness characterization

Code:01/2008 INAF/OAB Technical Issue:
Report

1 | Class CONFIDENTIAL  Page: 6

The measured PSD is significant because it is well beyonash@mental noise of the LTP
in the frequency range 16 600pm. The larger uncertainty is found at very low frequencies (5/f >
mm) as a probable consequence of residual environmental vibrations spébctium which also
approximates a power-law.

Tab. 1: figure profiles P-V for the samples under test

Sample n. Side A Side B
J1 0.352um 0.483um
J2 0.085um 1.359um
J3 1.316um 0.575um
N4 0.374um 1.952um
N5 1.124pm 1.197um
N6 1.397pm 0.622um

«  Samples J1, J2, J3,6=29.4 A
«  Samples N4, N5, N6, o = 38.8 A

r .. . - LTP noise spectrum, , s = 18 A
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Fig. 2: the PSD of the samples under test as measured with the LTBrpetér. The instrumental noise
spectrum has also been measured to check the measurement significance.

2.2 WYKO profiles

The roughness at average frequencies has been measured by mden3MMKIO profilometer
operated at INAF/OAB. The measurements have been performed har &€0x and 2.5x
magnification, employing different instrument optical heads. Both salegach sample were
measured at 7 equally-spaced locations on each strip.
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Due to an unavoidable misalignment of the optical head with respéoe tsample surface,
best-fit £' degree polynomials was subtracted from 20x profiles, wherehg &t5x magnification,
due to the more complicated structure of the interference fribgesfit 2 order polynomials were
subtracted from rough data.
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Fig. 3: some flattened WYKO profiles: (left) J1 sample and (right3a&nple. (top) 2.5x magnification, (bottom)
20x magnification.

The resulting residuals are the sampled roughness in two diffgseatral regions: profiles
recorded with the 2.5x magnification cover the spectral window 5.3 mnmum, vhereas the 20x
magnification is sensitive to the frequencies in the |#80— 1.3um range, even though the presence
of some white noise at high frequencies limits the maximum olderft@quency to 3im. On the
other side, the 3 lowest frequencies in the 2.5 magnification have bepediaut by the polynomial
subtraction and have thereby been discarded from the dataset.

The PSD of each flattened profile and the resulting PSDs havedveeaged over all 7
locations. The two sides of the samples have the same PSD wighimmeasurement error, and the
samples within each group (J and N) exhibit an uniform PSD askeelthis reason and for clarity’s
sake, we present only the average PSD for the two groups of samplgsdrafd 5. We also plot the
PSD derived from LTP measurements at lower frequencies.

The PSD obtained from WYKO at the two magnifications are in nhatgieeement (with a
slightly higher PSD for the 20x magnification between 100 angdnand they are also consistent
with the LTP measurements: the overall PSDs nicely fit a ptave spectrum with a spectral index
n/2 (a value that falls exactly in the middle of allowedalues range for fractal surfacésn<3).
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Fig. 4: the PSD of the sample J1 as measured with the LTP and WYKO (2.5 x and 20 x).
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Fig. 5: the PSD of the sample N4 as measured with the LTP and WYKO (2.5 x and 20 x).

For the WYKO+LTP measurement, we can fit the PSDs obtainear ssihg the power laws.
We retrieve the following parameters values:

_10nm’m™ _08nm’um™t
PN === P === —
(J samples, WYKO+LTP) (N samples, WYKO+LTP)

We also list in Tab. 2 the rms roughness for each sample side, eshiparh the integration
of the PSDs, as measured with the WYKO profilometer.
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Tab. 2: Silicon strips rms roughness values with the WYKO
profilometer

Sample rms WYKO 2.5x rms WYKO 20x
(1500 - 10um) (330 - 3um)
J1A 10.5 A 7.4 A
J1B 10.4 A 7.8A
J2A 9.9A 6.9 A
J2B 10.8 A 7.1A
J3A 10.5 A 7.4 A
J3B 9.4 A 7.3A
N4A 11.0 A 6.4 A
N4B 9.8 A 7.7A
N5SA 10.1 A 6.8 A
N5B 10.8 A 79A
N6A 10.9 A 6.7 A
N6B 10.0 A 7.2A

2.3 PROMAP - intermediate frequency roughness

We display in Fig. 6 two examples of PROMAP mapping of the samyider test, taken Media-
Lario Techn.at a 40x magnification. The sides of the images are 157x117 umhearsarnpling
interval 0.25 um,. For every sample, two points per sample side were mapped.

The silicon surface at these spatial scales exhibits an apigaooth landscape, with wide
undulations of 2-3 nm peak-to valley height. Some holes (5 nm deep, see Fig. 6, right) can lye sparse
observed on the surface.

The PSD of the samples, that can be calculated down to 0.5 pm sgatelength, was
computed along the X direction of the images for each availalbhe Asathe PSD turned out to be
quite similar within the two kind of samples (“J” and “N”), we eged them to display a more
representative PSD. We report, anyway, the rms roughness foramaple sn Tab. 3, as derived from
the integration of each PSD: the obtained values oscillate arourl A. Also the PSD along y has
been checked: however, the PSD computed in the y direction is known tmaisally
underestimate the highest frequencies in the PROMAP rangete&sily the rms computed from the
PSD along y is also smaller (by 0.5 A on average)

The computation results are shown in Fig. 7: the PSD of the “J” Bridsdmples is
consistent with WYKO for > 10 um, whereas WYKO clearly underestimates PROMAP data a

higher frequencies.
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»,-jg ‘ vl 3 ; -5.000 nm 2 b
Fig. 6: two example PROMAP 40x maps of the Silicon surfaces (saniplekeft and J2 - right). Map size:
157x117 um. The surface relief seems to be dominated by smooth undulationsolRarés nm
deep) are also present.

The two classes of samples exhibit, indeed, similar PSDs irfrélgq@ency window of
PROMAP. Notice an important result: for both classes of samgpp®dual slope change around 10
- 8 um where the PSD spectral index passes floA2.1 (see Sect. 2.2) t0 6.7, a very low value.
This slope change can have important consequences on the imaging degradation at hagh energi

Tab. 3: Silicon strips rms roughness values with the
PROMAP 40x optical profilometef157 — 0.5um)

Sample Rms roughness(from PSD)
J1A 72A
J1B 57A
J2A 58A
J2B 5.8 A
J3A 7.0A
J3B 52A
N4A 71A
N4B 52 A
N5A 6.0 A
N5B 7.7 A
N6A 6.2 A
N6B 7.1A
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Fig. 7: the PSD of the samples, as measured with PROMAP. The twd semples have a similar
roughness.

2.4 AFM — high-frequency roughness

The sample roughness in the high-frequency regime has been meaghrédtevgtand-alone AFM
Veeco — mod. Explorer, available at INAF/OAB in non-contact mode. TUitface was probed with
the non-contact technique, with 2 pm scans and a 5 nm lateral rescdutygncal surface map is
shown in Fig. 8.

0.88 nm
0.44 nm
0nm
2000 nm

2000 nm

Fig. 8: A silicon surface landscape (the J3 sample, side A), as measitintedfFM Explorer at INAF/OAB.
The scan is 2 pm wide.
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Fig. 9: The final PSD of the J samples (top) and N samples (bottom). @pk glso includes the PSD
derived from AFM and PROMAP measurements, and spans froim Q@1 pm.

The AFM map exhibits a predominance of low frequency oscillations) &weugh high
frequencies are also present. However, there is no evidence for ikeidiefects that had been
observed with the Silicon sample previously analyzed [AD2], and whick vesponsible for the
high roughness at high frequencies. The measured rms are reportdal #r ih general, the results
are good. The PSD analysis (see Fig. 9) shows that the AFMurapats are consistent with
PROMAP/WYKO data, and that the actual PSD overestimates thev@meuld have inferred from
the low-frequency power-law trend (see Sect. 2.2; also plotted, fquaz@on, in Fig. 9). Moreover,
the “N” samples see to be slightly smoother at high frequen&iessult in common, indeed, is in
that the PSD apparently exhibitglaubly-broken power-law trenavith an “ankle” at 20 um spatial
wavelength and a “knee” at 1 um. This PSD will be discussed and cennpdth the one we
measured in 2004 [AD2], in Sect. 4.1. Here we can at least stathdhsteeper slope of the PSD at
high frequency helps limiting the degradation of the optics HEW, duéray scattering, at high
photon energies.
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Tab. 4: Silicon strips rms roughness values with the
AFM (2 — 0.01zm)

Sample Rms roughness (from PSD)
J1A N/A
J1B 1.21 A
J2A 0.88 A
J2B 0.67 A
J3A 1.68 A
J3B 1.41 A
N4A 0.69 A
N4B 1.30 A
N5A 0.61 A
N5B 1.10 A
N6A 1.31A
N6B 0.93 A

2.5. X-ray reflectivity measurements (XRR)

An independent evaluation of the surface roughness has been provided by méeaag i@flectivity
(XRR) measurement in grazing incidence, for variable incidendesaagd a constant photon energy
(8.05 keV, the Cu-K line), using the BEDE-D1 X-ray diffractometer operated at ANAAB. The
X-ray beam at 8.05 keV is filtered from the bremsstrahlung spectrunedritta conventional X-ray
tube with a Cu anode, usingdaubleCCC Si crystal monochromators. A system of thin collimators
in then used to select to produce a very thin f@wide, 5 mm high) and parallell(L5 arcsec
divergence) X-ray beam to probe the sample. Due to its very sizallthe beam could be collected
by the samples (10 cm long) even at very shallow (> 500 arcsec) incidence andteg. (k@e

The samples alignment was carefully checked before data acquisition. Theseafipttivity
was measured along with theta/2theta scans from 0 to 5000 arcseolleciihg the reflected beam
within a 800um wide slit at a 340 mm distance from the sample, correspondinghalfaperture
angle of A6, = 240 arcsec. The measurement angular resolution equals the beagerdigdfl 15
arcsec).

The measured reflectivity has been fitted by means of standardicaihcedes implementing
modified Fresnel's formulae to account for X-ray scattering duthé surface roughness. Such a
treatment enables the derivation of the rms roughagssvolved in reflectivity reduction, not the
surface PSD.
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experimental XRR at 8 keV, sample 1, side A
— reflectivity model, s = 3.5 A

Reflectivity at 8.05 keV
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Fig. 10: the X-ray reflectivity at 8.05 keV of the sample J1, sidd experimental reflectivity is well fitted
by assuming @ value of 3.5 A. Linear plot (above) and log plot (bottom).

However, from the detector angular acceptance we can derive, from the usualfgratirig

L~ 4
° sindAS.

that theor value should be referred to all wavelengths smaller hanlloum (\ = 1.541 A and; O
2500 arcsec, i.e. the angle at which the reflectivity startensitsvely change with the roughness in
the present scans).
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With some samples we could also detect the presence of a fewiaknBi oxide, which
results in weak interference fringes. The oxide thickness andotighmess values being inferred
from fits are reported in Tab. 5.

Note that these rms values, although small, indicate that thd aataples PSDsannot be
power-laws with n = 2 up to very high frequenc{ese Sect. 2.1 and 2.2). Were they fitting that
model also at high frequencies, the rms values beyondrt)® would be less than 1 A. Therefore,
the present XRR data analysis is consistent wglope changén the samples PSD at wavelengths
shorter than a few micron. The PSD spectral index has to be smallaghatrequenciesn order to
retrieve the required roughness level (Tab.5), as in fact we didvebsgh PROMAP and AFM (see
Sect. 2.3 and 2.4). In fact, the integral of the PSD at frequenadigs than (1qum)™ returns 2.5 A.
This value is not far from the ones we found from the XRR fits, even if not completelyteansis

Tab. 5: rms roughness values and Si oxide layer thickness as
inferred from XRR fits.

Sample o (1<10um)  SikOy thickness
J1A 35A None
J1B N/A N/A
J2A 40A 2.0 nm
J2B 41 A 2.2nm
J3A 4.0A 2.2nm
J3B 3.4 A 0.2 nm
N4A 3.3A 0.5 nm
N4B N/A N/A
N5A 2.7 A 2.2 nm
N5B N/A N/A
N6A 34A 2.0 nm
N6B 45 A 1.0 nm
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3. Multilayer-coated samples: characterization

In this section we present the measurements performed onto soniayeruttoated Silicon samples.
The multilayers are graded Mo/Si multilayers, which considtl&f bilayers couples. The multilayer
has been conceived to return a smoothly-decreasing reflectivitpd@asing photon energy at the
incidence angle of 0.108 deg = 389 arcsec, and deposited by RF magnetenmgpaitiNFN/LNL.
Though widely used in EUV applications, Mo/Si multilayers are notvadtior astronomical X-ray
optics coating, due to the absorption edge of Mo at 20 keV and the ifiuisadif occurring at the
interfaces Mo/Si which decreases the reflectivity effectss. Nevertheless, the deposition
technique can be extended to couples of materials which suffer lfrese tdrawbacks to a much
lesser extent, like W/Si and Pt/C.

Two samples have been deposited, with a nominal identical structomedreereafter M140
and M143). Another sample with the same nominal structure (M150) labesds deposited later.
The bilayer d-spacing decreases throughout the stack going from uttiéayer surface to the
substrate, along with 17 blocks of constant d-spacing. In this desigiidbeé), at a given grazing
incidence angle, the outermost couples of layers reflect thestsifiays, whereas the reflection of
the hardest part of the X-ray spectrum takes place in the deepest part of the stack

Tab. 6:nominal Mo/Si multilayer stack structure.

Block No. from No. of bilayers Si layer Mo layer
surface in the block  thickness A) thickness A)
1 1 165 106
2 1 64 41
3 1 56 36
4 1 52 33
5 1 48 31
6 1 46 30
7 1 44 29
8 1 43 28
9 1 42 27
10 4 39 25
11 3 37 24
12 8 35 23
13 7 32 21
14 7 31 20
15 8 30 19
16 17 29 18
17 50 26 17
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The number of bilayers in the blocks is not constant; rather, itaseseas the d-spacing
becomes smaller, because the number of bilayers necessary to returnteve effibectivity increases
as the single-boundary reflectivity diminishes, i.e. for increaghmon energy. The thickness ratio
of the two multilayer componenIs= dvo/(dvo+dsj) = 0.39 is approximately constant in the stack.

The multilayer-coated part covers 2.5 cm in the central regian Kge 11) of the Silicon

strips substrates (10 cm long).

Mo/Si mulftilayer
10 cm

[ =1

Bare Silicon

Fig. 11: Scheme showing the positioning of the multilayer coating.

3.1. X-ray reflectivity measurements (XRR) at 8.05 keV

The reflectivity of the deposited Mo/Si multilayer has been dyreprobed by means of a
monochromatic (8.05 keV) X-ray beam using the BEDE-D1 diffractonmierated at INAF/OAB
(Sect. 2.5). Since the diffractometer is not located in a dust-freement, the sample was handled
with a special sample holder enveloped in a thin Mylar film, whecilmost transparent to X-rays at
the energies in use. As the samples was handled and the envelogdesedsonly in a clean room,

the sample was protected against dust contamination.

O M143, measured beam
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Fig. 12: the Gaussian profile of the beam used for the X-ray measurement at 8.05 keV .
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Due to the small extent of the surface coated by the multjleyeiX-ray beam has to be very
thin to be collected by the sample at very shallow grazing anbtfesefore, the incident beam has
been limited by a properly-designed system of slits. After tleenbghaping, its intensity has been
recognized as a Gaussian profile witlr 28 um (see Fig. 12). As a consequence, 95% of the beam
(x20) is collected by the multilayer-coated surface at incidengéea larger than 4 28 um/ 25 mm
= 924 arcsec, not far from the critical angle for total external reflection.

1.0 4 — M143 Sample, measured reflectivity
—— Silicon reflectivity
> —— Measured multilayer reflectivity
o 0.8+
¥y
w0
=
o 0.6
()]
=
S 0.4
k3t
@
F 024
0.0 -

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Grazing incidence angle (arcsec)

Fig. 13: the X-ray reflectivity at 8.05 keV of the sample M 1434tipdot). Red line: the experimental
reflectivity. Green line: calculated Silicon reflectivity. Blume: the measured multilayer
reflectivity, derived from the measured data and from the measured profile of the ibedent

0 _
10 — M140, measured multilayer reflectivity

| —— Computed from intended structure
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Fig. 14: sample M140: measured vs. computed multilayer reflectigiparithmic plot), assuming the recipe
of Tab. 6 and 3 A multilayer roughness rms. The departure of model (redjidtantblue) is due to
some deviation of the actual structure from the intended design.
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However, for small incidence angles, a non negligible amount of ttag Xeam falls on the
uncoated Silicon. The experimental reflectivity will then be arnramee of coated and uncoated
sample reflectivities, weighted over the respective fractiosuofaces illuminated by X-rays. The
experimental reflectivity is plotted in Fig. 13 (red line). As linow the shape of the X-ray incident
beam, by means of a straightforward calculation we can derivefthetivity of the multilayer alone
(Fig. 13, blue line). The multilayer reflectivity differs froimet measured one only at angles smaller
than 1400 arcsec.

The reflectivity scan of the multilayer M140 resembles verymthat of the M143 sample,
indicating that the structure of the two samples is similaFidn 14 we plot the reflectivity of the
multilayer M140, overplotted to the one calculated from the intendedtwseu¢Tab. 6), and
assuming the natural densities of Mo (10.2 g/cm?3) and Si (2.3 g/cnéffeartive roughness rms
values = 3 A (a value close to the one of the substrate). The agreeyaud at very small angles,
whereas at higher angles the two curves differ sensitivelyjrtlicates some deviation of the actual
structure from the intended one.

To derive a structure more representative of the multilayek,stiae reflectivity fit has to be
refined, varying the thickness of layers until a satisfactorichiag model-experiment has been
reached. This has been semi-automatically done by means of thepfighdm [RD3]. We still
assume that there are no thickness drifts throughout the stackhéi.blocks are still rigorously
periodic) but the layer thickness of the 17 blocks are let freeryp starting from the nominal layer
thickness (Tab. 6). The layer densities are still the natural ameseas multilayer roughness is also
assumed as a variable, and an “intermixing layer” at each Nfuésface, of variable thickness also,
has been inserted to account for layer interdiffusion.

— M140, measured multilayer reflectance
—— Optimized multilayer structure

Reflectivity @ 8.05 keV
=
l

2 4 6 8 10 12 14 16x10°
Grazing incidence angle (arcsec)

Fig. 15: sample M140; the refined reflectivity model (red) as ddriivem the application of the PPM
program. The accord with experimental data (blue) has been improved with respect to Fig. 14.

After running PPM, the fit has been considerably improved: we showirthigg. 15, in
logarithmic scale (the improvement in linear scale is not sorappathe result of the analysis is that
the thickness of layers deviates from the nominal design (Tab. 63 ‘mriable amount. The
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deviation is randomly-variable (non-systematic) witkird6 A. The remaining discrepancy model-
experiment can be ascribed to an imperfect periodicity withirbtheks. The model still fits the
experimental data with a (constant) 3 A roughness rms value, ®htreainterdiffusion layer
thickness is uncertain, but surely much less than 1 A.

As a possible assessment of the deposition process, the multittggmot seem to have
increased the effective roughness of the surface. Moreover, thdiffoon among layers is very
low or even negligible. There could be, indeed, some problem with thitgtabihe deposition rate
that could have caused the irregularities in the layers thickness values.

107 — — M150, measured multilayer reflectance
° —— Computed from intended structure

Reflectance @ 8.05 keV
o
|

Grazing incidence angle (arcsec)

— M150, measured multilayer reflectance
—— Optimized multilayer structure

Reflectance @ 8.05 keV

2 4 6 8 10 12 14 16x10°
Grazing incidence angle (arcsec)

Fig. 16: sample M150.(top) initial comparison of the experimental refigctof the sample M150 with the
initial recipe. (bottom) experimental vs. PPM findings.
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We also plot in Fig. 16 the XRR measurement at 8.05 keV of the sample M150, et poait
successive run. Similarly considerations as the samples M140 and MpaKGira this case. The
analysis performed with PPM highlighted that the actual thickinesd deviates by 4/5 A from the
intended one. The deviations are quite random within the mentioned Ismigar oscillations
should be encountered within the individual blocks and can be responsible foesidaal
discrepancies fit/experiment. The model still fits with a (¢am3 3 A roughness rms and < 1 A
interdiffusion.

3.2. X-ray reflectivity measurements (XRR) at5to 50 keV

The multilayer samples reflectivity has also been measurdd the BEDE-D1 diffractometer in
energy-dispersive setup at the incidence angle at which it wagdd, 0.108 deg. The source was in
this case a W-anode X-ray tube (biased at 50 kV) without monochromat&very intense beam
was shaped by means of a system of very thin slits: in thisugaybtained a beam not too intense to
avoid detector saturation and small enough (37 um FWHM wide, 1 mmthigk)entirely collected
by the detector entrance window (2 mm diam.). Also in this caseatin@le was protected against
dust contamination by a Mylar envelope. The X-ray beam profilgyfiitee well a Gaussian profile
with 6 = 15.8 A (Fig. 17), much narrower than that at 8.05 keV (Sect. 3.1).

The X-ray beam photon energy spans from 5 to 50 keV. The lowerdimtittated by X-ray
absorption in the air. The detector was a Silicon energy-senslatector with a 0.149 keV
sensitivity.

O X-ray beam intensity profile

120 — Gaussian fit, 6 = 15.8 um
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Fig. 17:the intensity of the polychromatic X-ray beam used for energyrsigpeneasurements. The beam is

narrower than that at 8.05 keV (see Fig. 12) in order to allow measurement at the very simgjlew
of 0.108 deg.

Even if the X-ray beam is very thin, the small incidence antleses the beam to be spread
over a large portion of the sample, therefore some X-ray beam Iduh filde uncoated Silicon. As we
know the beam profile (Fig. 17) we deduce that the X-ray beanoriahe multilayer up to 1.6.
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This corresponds to 86% of the beam integral: the rest of the beam (&Y dalls on the Silicon,
where it is reflected up to 16 keV (the critical energy oic8&il at 0.108 deg). With respect to the
analysis of Sect. 3.1, disentangling the contribution of the multilayerade easier by the fact that
the fraction of beam falling onto the Silicon is constant at all energies.

The reflectivity measurement at the incidence angle of 38@@mre plotted in Fig. 18: the
expected reflectivity from the multilayer structure (infdrfeom the analysis of reflectivity at 8.05
keV) is also overplotted, assuming that the effective roughness igall@ A. The agreement is
imperfect, probably due to the imperfect modelization of the mudtilagructure (it might correspond
to the deviation of the model reflectivity in Fig. 15). The experimentigatesity decreases smoothly
for increasing photon energy.
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Fig. 18:the reflectivity of the multilayer sample M140 at 5 to 50 keV, at the incidence angle of @.108 de
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Fig. 19: the reflectivity of the multilayer sample M140 at 5 to 50 keV, at the incidence angle of @.166 de
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A check of the measurement correctness has been done by measurgfigdtence of the multilayer
at 0.166 deg. At this grazing angle, all the X-ray beam falls hen nhultilayer without any
contribution of Silicon. The measured reflectivity is plotted in Efy. The reflectivity model inferred
from the reflectance analysis at 8.05 keV applies well in thé®,cwith a roughness rms effective
value of 5 A, at all energies but around 40 keV. The departure of the fnocemeasured data
might be due to some aperiodicity in the blocks, that was not considered in the model.

3.3. Surface roughness measurement: WYKO 2.5x and P ROMAP 40x

The surface roughness of the multilayer samples has been meaghrdte WYKO (Sect. 2.2) and
PROMAP (Sect. 2.3) optical profilometers. Due to local stresséise multilayer stack or particle
contaminations (Fig. 20), the PROMAP images in the 2.5x magnificaiere confused and could
not be used. Therefore, WYKO was utilized at 2.5x magnification andMP at 40x. The
measurements for the samples were used to compute the PSDnudlltiteyer samples, which is
being compared to that of the bare Silicon substrates in Fig. 21.

Excluding the most evident surface defects, the PSD computed fartie M143 (Fig. 21,
dots) exhibits some roughness growth with respect to the Silicorrateb@tig. 21, red line). The
comparison with corresponding data of Sect. 2.2 and 2.3 shows that the rougtmease is in fact
very modest. WYKO data in the sample M140 did not exhibit any apparent roughness growth.

Measurements with AFM on multilayer samples have not been pedoyate They will be
performed soon and added to the present dataset.
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Fig. 20: some PROMAP images of the sample M140. The image in 2.5x magnifi{ehx) appears covered
by surface defects. However (right),they do not appear at shorter spatddss in the 40x
magnification. Since the defects which are been seen in the 2.5x maposbenoftno or little
consequence on the reflectivity (Sect. 3.1), they are probably due to satfasse or particle
contamination.
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Fig. 21: comparison of PROMAP and WYKO roughness data at the multilayeaseswith the PSD of the
Silicon Substrates.

3.4. X-ray scattering measurements (XRS) at 8.05 ke V

Also X-ray scattering experiments were performed on the mydtilsamples, aimed at the indirect
probing of the surface roughness. The scattering diagrams for the ail4B1143 samples turned
out to be very similar, confirming the similar roughness propedfigbe two samples. A detector
scan at 8.05 keV photon energy performed on the M143 sample at 2200 arcksweangle is
plotted in Fig. 22.

f; e M143 sample, measured XRS at 8.05 keV and 6, =2200 arcsec
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Fig. 22: XRS diagram measured on M143 multilayer sample, at 8.05 keV and at deadecangle of 2200
arcsec (dots). Notice the oscillations in the scattering pattern daleetcoherence of the rough
profile throughout the stack and by the consequent interference of therestatteves. The
oscillations are roughly reproduced by the model (line).
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Unlike the XRS pattern from simple substrates, the XRS fromublilayer coating may
exhibit a complex structure due to the interference of X-ragtesed at each boundary Mo/Si and
Si/Mo. The amplitude of the interference fringes - whose positiamgato a large extent those of
the reflectivity scan — is determined by the coherence degreegaimerfaces in the stack and on the
evolution of the PSD throughout it, from the substrate to the multilsydgace. In Fig. 22 we
overplot to the (normalized) experimental XRS data the predictiansinple XRS modelization,
assuming a constant and coherent PSD of the roughness throughout the staasurhption can be
justified by the modest roughness growth observed in the Sect. 3.3 (exéiMifdata are not
available). Thesubstrates’PSD was adopted to model the XRS diagram, and the multilaype rec
found from the XRR fit (Sect. 3.1) has been used to compute the phase anersityiof the X-rays
in the stack.

The resulting modelization is satisfactorily compliant to thpeeixnental data, even if the
amplitude and the position of maxima do not match perfectly. This caraused, as previously
stated, by aperiodicities in the blocks which the stack consistseef $ect. 3.1), that were not
considered in the XRS computation. Anyway, the magnitude of the cald &S is consistent with
data, indicating a modest roughness growth through the multilayer coating.
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4. Discussion of the PSD of uncoated Silicon samples. Expected HEW
due to XRS for the XEUS optical module

4.1 PSD characterization comparison

In this section we briefly compare the PSD retrieved from theracterization of theincoated
Silicon samples analyzed in the present document with the respitidad in [AD2], concerning the
roughness characterization of the Silicon sample provided by ESA in 20@4.réBults are
summarized in Fig. 23; the surface PSD of the samples (heeongider for simplicity only the
average PSD of the “J” samples, see Sect. 2) analyzed in the present ipplayed in comparison
with the model PSD of the Si strip of 2005. The main result is that thesitD are very similar at
all frequenciesut for spatial wavelengthemaller than 1 um. At such high frequencies, the samples
analyzed here are much smoother. In fact, they do not exhibit any ltregérequent, point-like
surface defects that could be easily see in the AFM imag¢ADQ#]. Also the X-ray data are
consistent with a much smaller roughness value (Sect. 2.5) than that of 2005.

At low frequencieg > 20 um) both PSDs are steep power-laws, with a spectral index close to
2. The quick decrease of the roughness power with increasing freqeeaayerit factor since it
enables a relevant reduction of the X-ray scattering at higly\etteat is responsible for the optical
quality degradation with increasing photon energy [RD4].

—— Silicon strip 2005
— Silicon strips 2007

------------------------------------------------------------------------------------------------------

—
o
I

Power Spectral Density (nm 3)
=)
!

¥ ’ 10° 10' 10" 10"

Spatial wavelength (pum)

Fig. 23:the comparison of the roughness (modeled PSD) of the Silicon stripexhaly2005 [AD2] with
that of theuncoatedsamples investigated in the present study. There is an evident imprdvat
frequencies higher than (1 pr)

10 10

At intermediatespatial frequencies (20 um&> 1 un) the two PSDs are still similar; the
main feature is a relevant reduction of spectral index (< 0.8), ithlies a much important
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contribution of the PSD to higher frequencies than expected by extiagolae low-frequency

power-law model.

At high frequenciegt > 1 um) the two PSD apparently diverge from each other: thed?SD
2005 keeps its smooth decrease whereas that of 2007 exhibits a ciiteoéffofe, the PSD of 2007
deviates from a power-law by a “bump” that would significantlyease the high-frequency content
with respect to the power-law model. It represents, indeed, aisagnifmprovement with respect to

the PSD of 2005.

4.2 From the PSD to the expected HEW

The PSD characterization over a wide spectral range also snabl® calculate the HEW of the
XEUS optical module, as expected from the surface finishing afrtheatedsamples. Assuming a 5
arcsec figure error contribution to HEW (energy-independent), the XR8legiun to the HEW — as
a function of the photon energy - can be calculated for each mirbet] [&d added in quadrature to
return the total HEW of the mirror. Then the overall HEW of theJ$Eoptical module can be
obtained averaging the obtained HEW trends over the mirrors effectae(we hereby refer to the
XEUS optical baseline with a 35 m focal length).

100 = T v ST R g g T !
i = Silicon strip 2005 § j g 3 j

{ — Silicon strips 2007 | 3 3 | 3 :
IREEEE e

3R N Y N S T T —

HEW (arcsec)

S R SN Y < WU NS W S—

0 5 10 15 20 25 30 35 40
Photon energy (keV)

Fig. 24: calculated HEW trends from the PSD plotted in Fig. 23 for theX&plical module, assuming a 5
arcsec figure error HEW.

The calculation results are plotted in Fig. 24. Even if there is still an seedahe HEW with
photon energy, this is much smaller for the PSD measured in trenpoasnpaign than for the case
of 2005. The improvement (apparent beyond 13 keV) is essentially due tatdresb@othness of
the surface at high frequencies, and it makes apparent the impoofaacsharp cut-off of high
frequencies in manufacturing high-quality X-ray optics.
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4.3 Conclusions

The performed analysis can be summarized as follows:

1. The Silicon samples surfaces and profiles were extensivelpatbared over spatial scales
from 10" um to 10 nm (Sect. 2). The analysis in terms of PSD lead to liyutaepliant
results from instruments with different sensitivity bands (AFMYR®D, PROMAP). In
addition, the results have been checked by means of independent XRR analyses (Sect. 2.5).

2. The PSD of samples is quite homogeneous. The PSD in generattshby-broken power
law, with slope changes around 20 and 1 pm. When compared with the corressanajihe
of 2005, one can observe in the present samples a clear improvemeyit &tbuencies
(Sect. 4.1). This has, in turn, important consequences on the expected tdwgdmaging
quality for increasing photon energies (Sect. 4.2), caused by X-a#tersng, that becomes
the dominant term of the HEW in hard (> 10 keV) X-rays.

3. Graded Mo/Si multilayers could be successfully deposited onto S#igbstrates (see Sect.

3). The X-ray reflectivity of coatings at either fixed or ahte photon energy is satisfactory
(Sect. 3.1 and 3.2), with a very relevant enhancement of the X-ragtegite of the samples

up to 50 keV. X-ray scattering measurements (Sect. 3.4) showedhé¢hadughness growth
throughout the stack should be very modest. There might be, indeed, some problem®related t
the deposition rate stability of the facility employed to depds# multilayer onto the
samples, resulting into irregularities of the layer thicknesgurE developments of the
activities should be aimed, moreover, at mitigating interfadisss (Sect. 3.3) in the
multilayer.
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