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1. Aim of the document

Aim of this document is to present the results of X-ray testopned at the PANTER facility in full
illumination setup, onto a X-ray optic prototype (nan348 in the following) formed bytwo confocal
Wolter | mirror shells The largest shellHXT 230 heretofore) had a 230 mm diameter and an on-axis
incidence angle of 0.164 deg, whereas the smallest-tX& (50) was a 150 mm diameter one with an
on-axis incidence angle of 0.107 deg.

Both mirror shells (with a nominal focal length of 10 m) were ufactured by mandrel
replication at MSFC by electroforming with a special Ni/@loy. Then the HXT230 mirror shell was
coated with a W/Si graded multilayer by DC magnetron sputtatitigeHarvard-CfA[RD1] in order to
endow it with a larger reflectivity in hard X-rays. The HXT 1w8s not multilayer-coated because the
Ni substrate, with such a small incidence angle, was suffithergflect up to 30 keV in total external
reflection regime.

The two mirror shells were assembled in a mechanical cdSABRIOAB (see Fig. 1). Then, the
optic has been mounted in a special manipulator (developed at INAF/©@ABNdle the rotation/tilt of
the optic, because due to the long focal length the optic had to be maurter vacuum tube of
PANTER and the usual PANTER manipulator could not be used [RD1, RD2].INAE/OAB
manipulator is also equipped with a system of two independent shottersasure the incident X-ray
flux or the focused beam by the two mirror shells, separately and together.

The test planning was described in [AD1]. For an accuraterigéen of the PANTER facility,
see [RD2]. Essential results are also reported in [RD1]tHeodata reduction procedure, we will also
refer to [AD2].

Fig. 1: The optic 349 during the integration: thea shells are clearly visible. (left) Upper spidapen. (right) Upper
spider closed. Note the stiffening rings used toimize the shells deformation during the mountifiue rings have
been released after the glue polymerization, axetfito the spider arms
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2. Optic 349 - shell HXT 150: results of tests at P ANTER and INAF/OAB

The mirror shell HXT 150 has not been coated, i.e., reflects Xhunatggal external reflection with the
Nickel surface of the shell itself. The incidence angle ssnall one (0.107 deg, as seen from infinity):
this allows the reflection of X-rays in total external refien regime up to 30 keV, even though the
finite distance of the source limits in this case theso#itbn band to a maximum photon energy of 25
keV.

We list in Tab. 1 the geometrical features of this mirrorlshaltice the much larger obscured
area fraction by the spider (21 %) than for the mirror dlestied in [AD2] (10 %). This is due to the
adoption of small Al rods (4.8 mm large, 1.95 mm thick), that were bord#tetspider at the optic
front-end. These rods are slightly larger than the spider arrosder to shade their lateral surface,
avoiding the X-ray scattering from the spider arms, that are optitally-polished. The X-ray
transparency of these rods as a function of the energy is ploit€ayi 2. The variation of the
transmitted flux though the Al rods has been included in the effective area smauilat

Tab.1: geometrical features of the mirror shell HX30

Parameter symbol Value
maximum mirror diameter (parabola) 2Rnax ~ 150.8 mm
median mirror diameter 2Rmed 150.0 mm
minimum mirror diameter (hyperbola) 2Rmin 147.6 mm
mirror length (parabola + hyperbola) 2L 426 mm
on-axis incidence angle a 0.1068°
focal length (for a source at infinity) f 10000 £ 3 mm
mirror walls thickness T 100pm
Geometric cross-section from infinity A 1.87 cm?
Beam divergence (at the mirror front-end) G 0.0357
Actual incidence angle on the parabola Olpar 0.1425
Actual incidence angle on the hyperbola @double reflectioh Olhyp 0.071F
Actual image-mirror distance Xi 10.9m
Lostarea fraction of parabola for double reflection Q 49.6%
Obscured area fraction by spider (low energies) Vv 10-21 %
Radius of the parabola single-reflection corona p T 27.5 mm
Radius of the hyperbola single-reflection corona N 53.7 mm

Geometric cross-section for parabola single reflection, spider vignaigéd  0.99 cm?
Geometric cross-sectidor double reflection spider vignette@l keV) Ag™ 1.01 cm?
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Fig. 2: the X-ray transmittance of the Al rods use@void the X-ray scattering at low energy frdra tateral surface of the
spider arms.

2.1 — PANTER results: effective areas

The EA of the HXT 150 was measured, as in previous calibratiotis bwth the PSPC (low energies)
and the pn-EPIC (high energies) detector. Some images derived frel@rdata are shown in Fig. 3,
whereas the effective area as function of the photon energy isdbiattFig. 4, superposed to some
reflectivity models, with different possible roughness valugb®furface. In order to compute the EA,
a circular ROI of 88 pixels (250 arcsec) radius was adopted fol&RC and pn-EPIC (it is the largest
allowed circular ROI for the pn-EPIC, with the adopted positioning of the focal spot
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Fig. 3: reconstruction of the pn-EPIC field of theflection of the mirror shell HXT 150. (left) thell pn-EPIC field
between 15 and 30 keV, in the 30 kV source seigit)rcloser view on the focal spot, contour pldompare the
more regular shape with that shown in [AD2].
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Fig. 4: mirror shellHXT 150 effective area(EA) for double reflection as function of energythee PANTER facility from 0.5
to 50 keV. A constant energy resolution of 0.4 ikedssumed. Part of the increasing trend in the elfiom 10 to 23

keV is due to the increasing transmission of theakt used to screen the lateral sides of the asfithe spider (see
Fig. 2). The oscillations in that energy range lie withie imeasurement error due to photon statistics

EA results measured with the pn-EPIC camera are obtainedtlfresn exposures to the incident
photon flux at 10, 20, 30 kV setup of the X-ray source. The overlappingyersarges return EA values
in good agreement, within the experimental error: the oscillaiotie range 10-20 keV are due to the
photon statistics. The measured EA is consistent with 20 A rmshéwuidse spacing of model curves
makes the evaluation difficult: however, from the deviation ofetkgerimental curve from models in
the vicinities of the critical energy (25 keV) we can infer phesence — as expected - of a Ni oxide
layer. From the fit — not shown here — we can derive a 6.5°gdemsity for the NOy layer. The
thickness of the oxide layer can be estimated in 10 nm.

EA data at low X-ray energies underestimate the expectadsvalhis can be due to the high-
scattering angle of low-energy photons (scattered at angles laage230 arcsec).

2.2 — PANTER results: Half Energy Widths

Fig. 5 summarizes the HEW values measured for the HXT 150 engrgy range 0.3 — 27 keV, within
a circular region of 250 arcsec radius. We also show thelmrsrcomputed from the PSF photon count
statistics and from the uncertainty in the position due to thte fpixel size (2.8 arcsec: however, the
HEW were computed by interpolation of the EE: this procedure retusmaller error than the pixel
size). Each HEW value is evaluated in a 2 keV-wide energy bamdeatals of 2 keV. Data between 9
and 14 keV are missing due to the used Ti filters, needed to reduce the pileup in the ple{EEILE.
The HEW values were computed in all the available exposures. avéhnapping regions of the

spectra the HEW values are in agreement within 2 arcsecjglalyslarger than the estimated error for
the HEW. Moreover, the HEW is slightly larger in the 30 kV exposthrere it overlaps the one at 20
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kV. This can be due to a small amount of Compton scattering in thé|@h-detector for the setup at
higher energies: in fact, the amount of contribution to Comptonesicattat 25-30 keV can be roughly
estimated to be 1 — 1.5 arcsec [AD2]. Owing to the variation afetlected spectrum within the 2 keV-
wide bins adopted for the calculation, the HEW values have been pisttée energy centroid in each
bin, as computed from the measured spectrum. We can observe a moderate mtnead&W from 26
arcsec to 29 arcsec in the low-energy domain, afterwards the islEVidre or less constant around 32
arcsec. The behaviour beyond 26 keV is unknown, due to the decay ofivigfledter the critical
energy (for the parabola). An extrapolation te-ED aimed at the determination of the figure error HEW
returned 25 arcsec, even if the HEW trend at low energies is not regular.
The smaller HEW values, with respect to the shell 346 (from 30 @rcsec in the same photon

energy range, see [AD2]) could be due to:

a) the smaller radius that helps keeping the nominal mirror shape

b) the smaller incidence angles, that helps reducing the grazing-ineidaay scattering.

34 A HEW HXT150 (measured PSPC and pn-EPIC) - :
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Fig. 5:measured values of the mirror shEIKT 150 Half Energy Width, measured with the PSPC at lowrgies and

with the pn-EPIC camera at high energies. The detespatial resolution of the PSPC was subtracted i
quadrature from data. The finite pixel size of imeEPIC was ruled out by the interpolation of PSffad

2.3 — X-ray tests at INAF/OAB

X-ray tests were performed at INAF/OAB on some smallgseaf the mirror shell HXT 150 in order to
confirm the results achieved at PANTER. In Fig. 6 (top) we si@wnteasured XRR of a piece of the
HXT 150 mirror shell at 8.05 keV. The mirror shell piece had a 10 x 10 cm size, mgehtlean the X-
ray beam size in use (1 cm height, 70 pm width). In spite ofrtfal $ateral size of the beam, the
irregularities of the surface prevented any measurement lgsasmgaller than 600 arcsec. Also a small
fraction of the incident beam can be lost up to 1500 arcsec. The windoant of the detector had a
width of 2 mm, at a distance of 340 mm from the center of theplearithis corresponds to an
acceptance angle of 1200 arcsec, more than twice the adopted one at PANTER €800 arcs
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Fig. 6: X-ray analysis (8.05 keV) of a sample & HXT150 mirror shell. XRR (above) and XRS (bottiontal external
reflection regime, at an incidence angle of 104€saerc.

A simple substrate of Ni would not explain the measured reflgciithe dashed line): a clear
evidence of a Ni oxide layer (4 nm thick, with a density valué.Bfg/cn) can be inferred over the Ni
structure (solid line). The presence of a layer with this deiiisiit 3 times thicker) was evident also
from the PANTER data (see Fig. 4). The roughness rms infésré8+13 A for both oxide and Ni
substrate. These values are related to the set of incidences asfgthe scan and to the angular
acceptance of the detector: in fact, as the better agreenmerineent —model is reached tat= 3000
arcsec, we could easily compute that thigalue is referred to all the spatial wavelengths smadilem t
3.3 um, i.e. in the AFM sensitivity range (see Sect. 2.4.4), thaneean average of 12 A, in good
agreement with the XRR.
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XRS measurements were performed in total external reflectigime (see Fig. 6, right) at 800
and 1100 incidence angles. The measurement was made difficult édgvant deformation of the
sample, but a clear X-ray scattering is visible and allothedmeasurement of PSD between 10 and 1
um spatial wavelengths (see Fig. 10). The PSD is consisténthe AFM and the WYKO data, the
slightly smaller values of the PSD could indicate a slightebesmoothness of the Ni substrate with
respect to the outer Ni oxide surface.

2.4 — Topographical analysis (LTP, PROMAP, WYKO and AFM)

241-LTP

LTP measurements of the longitudinal profile of the mirrorIshele taken at MSFC with the mirror
shell mounted in the integration case to avoid deformations of the §hellprofiles exhibit variable

deviations from the nominal profile (some microns), especialiyeamirror end, where they are fixed to
the spider. The high-frequency behaviour has been analyzed in terR8Dof{see Fig. 10), after a
subtraction of a high-order polynomial from rough profiles: the problethe parabolic surface have
been excluded from the PSD computation because only ¥z parabolic surface is involvedfiadten.

2.4.2 - PROMAP 48

The PROMAP 40x measurements (performeiatlia-Lario techr), covers a spectral range from ~100
pum down to 0.3 um. One of the PROMAP surface map is shown in Filge Burface is covered by
scratcheq0.5 nm deep), preferentially oriented in the y direction (the opiaa). Also darge number
of holes(in blue) are present, with a distribution in size around some pchadgdew nm depth. In

addition, dower number of peaksan be observed: they are a few 10 nm high and some pm wide.
Area: 156800 nm x 117600 nm Smooth Phase
; b : N

] 5.000 nm

&
. -
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Fig. 7. a PROMAP image of the HXT150 flattened auef (courtesy by Media-Lario techn.). The topogsaph
characterized by scratches (mainly in the opticdabalirection) and point-like defects (mainly hgles
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The images were analyzed computing the PSD in both (x and ylidng® The one that is
interesting is the PSD alongsince the incidence plane of X-rays lies in the optical dixection, but
the two PSDs are not too different (less than 0.5 A) becaussctatehes have a limited depth when
compared to that of holes. All peaks larger than 30 nm (probably contaimsg)awere excluded from
the PSD computation. The average PSD is plotted in Fig. 10.

2.4.3 - WYKO 28

WYKO 20x measurements performed at INAF/OAB cover a lowequencies range (200 — 10 pum).
They confirmed qualitatively the results of PROMAP (see amgie profile in Fig. 8), even though
WYKO profiles appeared quantitatively smoother at high frequendibgs is evident from the
comparison of PSDs (Fig. 10): by means of a different fillpahPROMAP images, one can see that
the discrepancy is due to selection effects in WYKO profiles. However, XRSadamore in agreement
with WYKO.

Height (nm)
o
|

hole

0 100 200 300 400 500 600
Position (jum)
Fig. 8: a WYKO profile of the HXT150, in the diieatof the optical axis.

2.4.4 — AFM (2 pum)

AFM measurements were performedvidia-Lario technusing a Veeco Explorer stand-alone AFM, in
non-contact mode. AFM maps cover a 2 um x 2 um area with al ledscdution of 7 nm. A 3D
visualization of a sampled point is shown in Fig. 9. The high-frequencygrtoist relevant, as can be
seen from the large number of peaks with several nm heightssAise holes are present, even though
they cannot be seen in the 3D visualization. The averajehe performed measurements is 12 A. Also
the average PSD was computed from the measurements (see Fig. 10).
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Fig. 9: an AFM map of the HXT150 mirror shell surida(courtesy bivedia-Lario techr). The rms of the surface is 13 A.

2.5 — Final PSD - interpretation of the HEW trend

The PSD obtained from the superposition of the PSDs measuredallsthg available techniques is
plotted in Fig. 10 (blue marks). The agreement is quite satisfafemcept for WYKO data, that
underestimate the PSD). The wavelengths range 5 mm — 300 howisyer, not characterized by the
adopted techniques: a measurement with the WYKO (2.5x magnificatiam)yould cover that range,
was not possible due to the sample curvature.

The millimeter range is, indeed, well covered by the armlyisthe HEW trend of the PANTER
data (see Fig. 5): the HEW trend with the photon energy is, inridated immediately to the PSD of
the surface, provided that one can have a solid estimate of the &guwre HEW. Following the
procedure described in [AD2] and in [RD4] one can derive the PSDedutiace from H(), the XRS
contribution to the HEW. The function H(is known from a subtraction in quadrature of the figure
HEW:

HEW?, (A1) = HEW?

meas fig

+H?(1),

and the PSD can be computed from the derivatitheofatio H{) / A (D. Spiga, A&A:

P(f)i(H(A))z_ In(4/3)
A dAl A 4 sin® S,
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the factor In(4/3) accounts for the double reflection: we did not account here for th&iveagence,
even if it is non-negligible. The spatial frequendiase known from the simple formula:

sind,

f=HW—

The PSD computed from the HEW trend, using the exposed method, is deerpiothe topography
data in Fig. 10 (red triangles). The agreement is satgfaessuming HEW = 15 arcsec figure error:
larger values of HEVY can be ruled out as they would cause a mismatch of the PSD derivethérom
HEW.Furthermorewe can derive from the last equation and from the Debye-Waller formula a value for
the roughness rms in the wavelength range 382 smiSs = 11.3 A F.c. with the mirror shell 346
[AD2], the rms in the same interval of frequencies was 8.2 A.

% HXT150, LTP @ MSFC
A HXT150, PSD from HEW (15" fig err)
HXT150, WYKO
— HXT150, PROMAP
- — AFM 2jm
-+ XRS @ 8.05 keV

)
3

Power Spectral Density (nm ¢

10° 10" 10° 10° 10" 10" 10"

Spatial wavelength (pum)

Fig. 10: overview of the roughness PSD of the serfaf the HXT150, obtained with different methodmeasurement.
AFM, PROMAP, XRS, WYKO provide the PSD at highutragies, the LTP covers the low frequencies. Tipe ga
between them is well bridged by the PSD inferrechfthe HEW trend (red triangles).

Some interesting topics from Fig. 10 can be remarked:
1. The PSD exhibits the typical profile with saturation at veny lfrequencies, followed by a

power-law trend B f " with n ~ 2.8 (a very steep one, considering that the maximuwed|
value for n is 3).
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2. At shorter wavelengths than 1@@n a spectral break occurs. A clear “bump” is visible in the
PSD. This is the roughness being seen in PROMAP, WYKO, AFM bt that a spectral
slope could be detected also in the mirror shell 346 [AD2], at longeelengths (30@um), and
it was responsible for the HEW steep increase after 27 keV.

However, the integration of the all-measured PSD in the mentioneelemgths interval 456 - 16m
returns 8.5 A, lower than the 11.3 A requested by the HEW measurefieistsleviation can be due to
the uncertainty on the HEW measurement.

It is interesting now to remark some consequences on the HEW trend (Fig. 5):

1. At low energies, the HEW trend increases very slowly asrseruence of the very steep
decrease of the PSD.

2. The contribution of the X-ray scattering is, however, non neglighodm et very low energies:
this can be seen from the difference of the REWalue inferred from data (15 arcsec) vs. the
value extrapolated from the HEW trend (25 arcsec, see Fig. 5).

3. The cause of the large HEW also at low energies is probabliatie roughness in the sub-
millimeter range, down to some micron: the steep PSD at layuérecies, indeed, prevents the
HEW from increasing.

4. With the actual PSD and an incidence angle of 0.107 deg, we would éxpbdserve the HEW
divergence after 38 keV. Obviously, this is not observed becausbketetops reflecting after
25 keV.
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3. Optic 349 - HXT 230: results of tests at PANTER and INAF/OAB

The mirror shell HXT 230 has the same geometrical propertigegeahirror shell 346 (see [AD2]). Just
the spider obscuration is larger owing to the Al bars used tonstheespider against X-ray grazing
incidence and consequent scattering. The difference is mucméeksd than for the case of HXT 150.
The geometrical properties of the mirror shell are listed in Tab. 2.

Tab.2: geometrical parameters of the mirror shedX F230.

Parameter symbol value
maximum mirror diameter (parabola) 2Rnax  231.3 mm
median mirror diameter 2Rned 230.1 mm
minimum mirror diameter (hyperbola) 2Rmin 226.4 mm
mirror length (parabola + hyperbola) 2L 426 mm
on-axis incidence angle a 0.1638°
focal length (for a source at infinity) f 10000+ 3 mm
mirror walls thickness T 100pm
Geometric cross-section from infinity A 4.4 cm?
Beam divergence (at mirror front-end) 6 0.054
Actual incidence angle on the parabola Olpar 0.218
Actual incidence angle on the hyperbola double reflectioh Ohyp 0.110
Actual image-mirror distance Xi 10.9m
Lostarea fraction of parabola for double reflection Q 49.6 %
Obscured area fraction by spider \% 10-14 %
Radius of the parabola single-reflection corona p T 41.9 mm
Radius of the hyperbola single-reflection corona h T 82.8 mm

Geometric cross-section for parabola single reflection, spider vignefigfl®®  2.51 cm?
Geometric cross-sectidor double reflection spider vignette@l keV) Ag™ 2.55 cm?

3.1 — Witness mirror sample: X-ray reflectivity tes  ts

For the witness multilayer sample the analysis was caougdvith the BEDE-D1 diffractometer at
INAF/OAB following the same methods exposed in Sect. 2.1 of [ADZ2]. fHilectance plot was
analyzed by means of PPM [RD3], following the same fittimgtagy: the experimental XRR angular
scan at 8.05 keV (the Cuold X-ray line) and the fit results are shown in Fig. 11. The resulting thisknes
distribution is shown in Fig. 12.
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Fig. 11: reflectance plot at 8.05 keV of multilaygtness mirror. Logarithmic plot. The agreementafa (red line) with
model (blue line) is satisfactory.
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Fig. 12: thickness distribution for the W and &ydrs for the multilayer deposited on the Witnesa@e. The random
deviations superimposed to the power laws are Sagmt at the boundary between the two power-laiayer

n. 10-20).
Tab.3: inferred a,b,c parameters for the witnessigle multilayer. The random deviations from the @ovaws are not
considered.
a(A) b c apProx. flaxdmin
1% stack Si (20 bil.) 78.8 -0.90 0.26 143-38
1% stack W (20 bil.)  50.9 0.0 0.38 51-14
2"%stack Si (75 bil)  70.4 6.37 0.30 39-1A
2" stack W (75 bil.) 304 -0.40 0.8 35-8
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The average roughness rms inferred from fit is 3.5 A, witightsncrease throughout the stack.
The densities of W and Si should not differ too much from the natafaks, even different density
cannot be completely excluded. The parameters of the power-lawbesiafit the thickness trend
(excluding thereby the random oscillations of thickness) are listed in Tab. 3.

3.2 — PANTER results: effective areas
Some pn-EPIC fields derive from data are shown in Fig. 13, in ewgsggrsive setup with the source

set at 50 kV. A relevant amount of scattering is visible.@selview on the focal spot exhibits a quite
symmetrical shape.

200 T T T 120 F T T T T
1500 57

100

Y pixel

0E

L L M E.D:.........|.........|.........|.........|.-..----.'
] 50 1 QD 150 200 7o ac i 120 110G 130
% pivel X pixel

Fig. 13: the pn-EPIC field of the focal spot of tHXT230 mirror shell (20-37 keV). (left) log intéysmap, (right) lin
contour plot.

For the measurement of EAs, we had at our disposal the monochrtomagoergy sources (measured
with the PSPC) and the high-energy exposures with the source 3,28) kV, measured with the pn-
EPIC. The EAs, measured in a circle of 250 arcsec radius (ged4) are fully consistent in the
overlapping spectral regions. The EA plot is overplotted to the muadislsseveral possible roughness
rms values (4- 20 A). The multilayer recipe has been changhdesipect to that of the witness in order
to better fit the peaks position (the d-spacing was reduced by Bh#)neasured values match well the
model with a surface rms d6 Ain the energy range 15-25 keV, whereas at higher energiesutbey
better fitted assumindg4 A down to 12 Aasc value. At low energies the measured effective areas
underestimate all the theoretical models. This reduction of thleedeeughness for increasing energies
is commonly observed and can be explained as a reduction of therisga&ngles for decreasing
From the intersection points models/experimemt can compute that the valuve=12 A should be

referred to surface wavelengths smaller thamrb. This value is consistent with the surface PSD
measurements (see Sect. 3.6).
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HXT 230, AE = 0.4 keV, o, =0.110°, o, = 0.218°
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Fig. 14: mirror shell HXT 23effective area(EA) of the mirror shell HXT 230 for double refien as function of

energy at the PANTER facility from 0.5 to 50 keWhehr plot. A constant energy resolution of 0.4 keV
assumed.

3.3 — PANTER results: Half Energy Widths

Fig. 15 plots the measured HEW trend from PANTER images wiBCPshd pn-EPIC. For PSPC data,
the pixel size was subtracted in quadrature from data. For pgD-@R&, the HEW values are computed
by filtering the events within energy bands with 2 keV bandwidthcanaputing the Encircled Energy.
The HEW is evaluated by interpolation of data reduce the effettedfinite size of pixels. The error
bars are calculated by propagating the error — mainly duketdinite pixel size: moreover, as the
spectrum can vary sensitively within the assumed bandwidth, the HEpI@ted versus the energy
centroid in each bandwidth.

After an initial increase up to 6.4 keV, the HEW trend oscillatesind 40 arcsec up to 29 keV,
but it does not exhibit the divergence at 27 keV like the mirrdt 346 [AD2]. A sudden increase at 30
keV is followed by a plateau and then by a rapidly increasergltaround 37 keV. The HEW values in
the common spectral regions of 20, 30, 50 kV are in agreement witdnrs@c. The error in the HEW
determination can be also estimated in 2 arcsec in the first “platedari.reg

As we will see in section 3.6, the measured PSD is ableptaiexhe general trend of the HEW.
The “jump” at 30 keV, however, would requiaePSD peak at 150 pm spatial wavelengthich isnot
observedn WYKO data.
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Fig. 15: the measured HEW trend of the mirror sHeXT 230 with both PSPC (low energies) and pn-EfM@h
energies). The detector spatial resolution of ti8®PE was subtracted in quadrature from data. Thigefipixel size
of the pn-EPIC was ruled out by the interpolatidrP8F data.

3.4 — X-ray tests at INAF/OAB

X-ray reflectivity and X-ray scattering tests were parfed at INAF/OAB onto some pieces of the
mirror shell, using the BEDE-D1 diffractometer in monochromatiasethe reflectance plot at 8.05
keV is plotted in Fig. 16.

1.0 o O Mirror shell HXT230, measured reflectivity
- - - Witness mirror, measured reflectivity

08 I
0.6 —

0.4 —

Reflectivity @ 8.05 keV
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Fig. 16: XRR measurement onto a piece of shell I38TZhe reflectivity of theVitness mirroris also overplotted for
comparison. Note the matching of peaks.
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The geometrical deformation of the piece of shell under test (apffox 10 cm) did not allow a
reliable measurement of the reflectivity at angles smdlhan 1000 arcsec: at larger angles, the
reflectivity pattern is similar to that of the witness (§ég 16), but it is consistent with a much larger
surface roughness (12-]56, caused by a worse smoothness of the Nickel substrate. Thisugimess
value is consistent also with tleeused to fit the PANTER data, even if the acceptance angled is
1200 arcsec, twice larger than at PANTER. An accurate inspesttions that the peaks of the shell
XRR are slightly larger angles than that of the witnesdicating that the average d-spacing of the
multilayer deposited on the shell is smaller (by 2% approx.). flerdnt position of peaks is also
observed in EAs measured at PANTER (Fig. 14).

The high level of roughness is also apparent from the XRSumezasnt performed at 8.05 keV
at 1800 arcsec incidence angle (see Fig. 17). The scatteredelbibiis oscillations caused by the
interference of scattered waves at each interface.

1
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Fig. 17: XRS measurement onto a piece of shell BRTZhe coherent nature of the roughness througtieistack is
apparent from the complex structure of the scattediagram.

3.5 — Topographical analysis (PROMAP, WYKO and AFM)

3.5.1 - PROMAP 48

The topographical inspection with PROMAP 40x (performedMadia-Lario techn see Fig.17)
highlights a smoother landscape than HXT150 in the spectral domai A2um (compare with Fig.
7). However, a large amount of “holes” are still present and tHiaceuappears still undulated, even if
many scratches are not visible. The surface topography hasriegpea in terms of PSD, after ruling
out all the surface features higher than 50 nm (likely contaminatialomg the y direction, i.e. the X-
ray incidence plane. The computed PSD is plotted in Fig. 20.
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Area: 156800 nm x 117600 nm Smooth Phase
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Fig. 17: a PROMAP40x image of the HXT230 flattesedace (courtesy by Media-Lario techn.). The stefappears
smoother than the HXT150 (Fig. 7), without evidamatches. Holes are, indeed, still frequent.
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Fig. 18: a WYKO profile of a sample of the HXT 23@ror shell, in the optical axis direction.

3.5.2 - WYKO 28

Some profiles of the shell with WYKO 20x were also taken at HNOMB. The profiles exhibit a
relevant high frequencies contents, with holes and peaks some nmdad¥igs18). The PSD, covering

a spectral range from 300 down to i wavelengths, is consistent with the PROMAP measurement
(see Fig. 20).
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3.5.3 — AFM (2um)

Also the HXT230 mirror shell was sampled in the high frequermmyge by means of AFM
measurements (performed at Media-Lario techn.). The derived ®8DAFM measurements cover the
spectral range 2 um - 15 nm. A 3D visualization of a sampled isshbwn in Fig. 19: the average rms
of the AFM measurements is 1145 in reasonable agreement with the PANTER EA values (see Fig
14). The computed PSD is in good agreement with the PROMAP measurements.

]”hV£ t}@

s
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Fig. 19: a 2 um AFM map of a point of the HXT230uftesy oMedia-Lario techr) . The rms of this map is 10 A..
3.6 — Final PSD - HEW trend interpretation

The PSD computed from the topographical techniques and from the arafiythie X-ray scattering
measurements are plotted in Fig. 20. All the measurements fareedeto the outer surface of the
multilayer.

The medium and high-frequency range (300 — Quf® of the surface spectrum is fully
characterized by the measurements performed on pieces ofrtbe sheell. The PSD, however, at very
low frequencies is not known because no LTP measurement is available.

From the HEW trend we can derive the PSD in the wavelemngtig® 7 mm — 9fm using the
equations reported in Sect. 2.5 [RD4], neglecting the presence of thiayeuland the divergence of
the incident X-ray beam. The computed PSD is overplotted in Fig.n26rdier to achieve a good
matching with the PSD at higher frequencies, we assumesflE&5 arcsec. This value is close to the
figure error value (26 arcsec) assumed for the mirror shell 346,the same nominal shape and size
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[AD2], but in absence of LTP measurements it cannot be firstgbéished. Smaller values for HEYV
(down to 20 arcsec) are also possible.

The PSD calculated from the HEW is in good agreement witkliteetly measured. Moreover,
from the HEW we can also derive the rms of the surface inpghetral interval 77 — 7.4m. As
discussed in [RD4], the upper wavelengths limit is set by thgVHE the maximum energy being
measuredwhereas the lower wavelengths limit is determined by #agus of the ROI at the same
energy. This required value is4.6 A; from the measured PSD we can easily compute tradue in the
same integration window, which returd® A, in very good agreement with the HEW ddtds worth
noting that the integration in the same wavelengths rangeeoP$D for the mirror shell 346 [AD2]
returned a larger value of= 6.5A. This can be responsible for the quickly divergent HEW trend, that
was observed in that case.

Some remarks on the PSD:

1. The low frequency regime is characterized by a steep decveth a spectral index n > 2.5,
which causes the low HEW increase in soft X-rays. On the otimel, Itas also responsible
for a relevant X-ray scattering also at low energies (F5). The PSD slope is even steeper
in the spectral range 500 - 2(f: this can be responsible for the HEW saturation at 15 keV
<E <27 keV.

2. The HEW step at 30 keV (Fig. 15) can be justified by a sharp g&R at150 um, not
visible in the PSD computed from WYKO data

3. The PSD decays much more smoothly (n ~ 1) at high frequenciasisTdonsistent with an
incoming increase like the one being observed from HEW data around 40 keV.

4. The integration of the PSD at wavelengths smaller tham@eturns11.8 A, in agreement
with EA data as measured at PANTER (see Sect. 3.2).

: : B HXT230, PSD from HEW (25" fig er)

B +  HXT230, WYKO
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Fig. 20: the PSD of the mirror shell HXT 230. Th&dPcomputed with different techniques are in gogt@ment. The
PSD derived from the HEW trend is also overplotted.
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4. Mirror shells HXT 150 + 230: overall optic prope rties

The characterization of the whole optic has also been perfornitadyeth shutters open. The alignment
of the optic has been changed, however, because the two sheltomietalbut they are not exactly
coaxial In the two previous sections the characterization was perfomm#te best align conditions
either for the HXT1500r HXT230 mirror shell, so the X-ray source was perfectly on;axig the
alignment had to be changed, when switching from one shell to the ¥thkrboth shutters open, the
two shells could not be kept aligned together and the measurement t@snge in a trade-off
position, after averaging the best alignment angular positions for the tvis shel

The departure of the adopted configuration from the best alignmetibpasihighlighted by the
shape and the size of the single-reflection coronae, thaba@rcular and have not the radii values as
listed in Tab. 1. Some pn-EPIC fields (Fig. 21) show clearly thatsdn: the shapes of the arcs of
coronae are suitable, indeed, to measure precisely the shells misaligBewtnd (1.2).

The good confocality of the two shells is evident from Fig. 21twleecontour plots exhibit only
one bright nucleus (only slightly elongated in the vertical dimacby 2-3 arcsec). However, up to
energies 20-25 keV, the shape of the “wings” of the focal spquite circular, whereas at higher
energies (26-40 keV) two lobes appear in the contour plot. The lobes woenés we shall soon see,
the same of the plane located by the two optical axes. wbefoci were non-coincident, the lobes
would be better seen at low energies, where the HEW is snfsdlehe asymmetry appears better in the
hardest band, the two lobes are probably caused by an enhancemeR$ttiee to an increase of the
incidence angle on one side of each mirror shell.
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Fig.21: close views on the pn-EPIC fields of thpasxre of the whole optic (150+230), contour plgkstt) 20-25 keV —
(right) 26-40 keV: the two lobes lie roughly in ghlane of the two optical axes.
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4.1 — PANTER results: effective areas

4.1.1 — Experimental results

The EA of the two mirror shells, measured with the usual metli®m@ftted in Fig. 22 (marks). It is the

superposition of effective areas measured at low energies in monwtio setup (green asterisks) with
the PSPC detector, plus the results of the energy-dispersivevatiupe pn-EPIC detector and the X-

ray continuum illumination with the X-ray source at the 20 and 50 kiagel(black circles). Due to the

closeness of a single-reflection corona to the focal spot (ge23)i all the EA values were measured in
a smaller ROI than for the previous measuremeti$ arcseaadius vs 250). The measured EA data
with the different X-ray sources biases are mutually consistent.

HXT 150 + 230, AE = 0.4 keV
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Fig.22: effective area (EA)for double reflection as a function of the eneagythe PANTER facility from 0.5 to 50 keV.

Measured data (marks) and theoretical model (linge models are simply the sum of the best-fitefsddr the
mirror shells HXT150 and HXT230 for differenvalues. The disagreement is apparent.

Experimental data are overplotted to theoretical models, that are simaiyeabby summing the
models for the EA of the HXT150 and HXT230 mirror shells (see ekctand 3.2), for variable values
of the roughness. It is apparent that the models cannot explain thehsdemoéase of the EA for
increasing photon energy, without the peaks and the cut-off that sheuldxpected from the
contributions of the two mirror shells. We find a possible explanatidheodiscrepancy in the next
subsection.

4.1.2 — Interpretation of effective areas

As already mentioned, the best alignment of mirror shell HX0 differed from that of HXT 230, even

if the two foci were coincident in all X-rays measurements.tRe X-ray characterization of the whole
optic we could not align both shells simultaneously, we have thetedsen the average of the best-
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alignment rotation/tilt angular coordinates of the two, individual sh&lince the X-ray source is seen
off-axis byboth shells, X-rays impinge with variable incidence angles onréffitepoints of both shells:
therefore, the reflectivity of different mirror points varies, and the sametled&sA.

The first step consists of an accurate misalignment estimatong with the shape and the size
of single-reflection coronae. In Fig. 23 we report the same p@-EBId of the focal spot in 50 kV
measurement setup: three visible single-reflection coronae sabéevithe smallest one (Fig. 23, left) is
due to the reflection on the HXT150 parabola, the average-size coigna3Fleft) to the hyperbola of
HXT 150, the largest one (Fig. 23, right) is the parabola of {K€& BB0. The shapes of these coronae
are functions of the rotation/tilt optic angles: the best fit is reached byirgltipe values in Tab. 4.
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Fig. 23: single-reflection coronae in the pn-EPI€ld with the source at 50 kV, with both shuttepem the shapes and
the sizes of the single reflection can be usedaasure precisely the misalignment of the two misteells with
respect to the trade-off adopted for the measurengleft) simulation of the single reflection coemof the HXT
150: parabola (bright blue) and hyperbola (dark &Ju(right) simulation of single reflection coronfm the HXT
230: only a small arc of the single reflectiontbe parabola is visible in the pn-EPIC field.

Tab.4: misalignment of the two shells with resgedhe trade-off position for measurement with befthitters open, as
derived from the single reflection coronae pattefrrig. 22

rotation (arcsec) tilt (arcsec) overall misalignment (arcmin)
HXT 150 -115 +92 2.45
HXT 230 +83 -80 1.91

In the second step, we divided the shells by intersecting thigm avnumber (N=20) of
meridional planes and computed the incidence angles of each feechas ~ 2 arcmin misalignment.
The result is an uniform distribution of incidence angles lyiatwkenopa — © andopar + ® for the
parabola. After the first reflectiom, fraction of the bears reflected also by the hyperbola and only the
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photons reflectedwice are counted around the focal spot: the corresponding incidence angles on
hyperbola can be assumed to lie approximately in the rapge o andony, — . With these incidence
angles in hand, we can compute the reflectance R of each sector.

We can now calculate the EA for a double reflection:

k=+N/2

A= D A L-Q)R(@, +kal N)R(a,, ~kalN),

k=-N/2

the coefficients Ak represent the geometric cross-section for the k-th sector afgar(average radius
R). Due to the variable incidence angle with k, it is not simpliNgn fraction of the geometric cross-
section of the parabola:

A =2/RLsin(@ , +Kkw/N),

par

and the coefficients gaccount for the rays that miss the hyperbola after being reflected pgrtdaola:
_sin(@y,, —ka/N)

+kw!N)

" sin@,,
The result is interesting: as in the EA expression only the prdtlu€k)Ac x appear, the most important
terms in the sum are those with k<0, i.e those with the sniadlielence angle on the parabola, even if
the cross-section of parabola sector are smaller. Also tleetreity of the parabola is enhanced by a
reduction of the incidence angle, whilst the contrary occurs with the hyperbol

HXT 150 + 230, AE = 0.4 keV
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Fig. 24: the off-axis simulation of the EA for th80+230 optic. The sum of the two simulated aread (ine) assuming
the misalignments (Tab. 4) with respect to the PRI Taxis is in good agreement with the experimaetllts
(marks)
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The result of the computation is shown in Fig. 24: the dotted linkeioff-axis area of the
HXT150, and the dashed line that of the HXT230, simulated using thelltlmrabove. Notice that the
EA of the two mirror shells are more “spread” over the ensogye (e.g. the HXT150 reflects up to 32
keV) and the peak of the HXT230 is much less marked, with respect to the on-agitsareFigs. 4, 14,
22).

Now, the sum of the two off-axis areas (the red, solid linggies quite well the experimental
EA curve. The values af that best match the model to the experiment are 16 A for thelB{X@nd 18
A for the HXT230, somehow larger than the ones we assumed for thfeefifective areas of the two
single shells. This can be due to the smaller ROl adopted fonghsurement, that excludes a relevant
fraction of scattering from the focused photons count.

The residual discrepancies are of the order of the departures/expgeiment already observed
in the on-axis models (Figs. 4 and 14). Moreover, the modelization beultade more quantitative by
computing exactly the incidence angles over the differenbigedf the mirror shells (rather than
assuming a linear variation). It should be remembered, in additiorthihapproach would not be valid
if the misalignment were larger than the smallest ach@tléence angle on the parabola (8.6 arcmin),
because additional vignetting effects should be taken into account.

4.2 — PANTER results: Half Energy Widths

2 O HEW HXT150 + HXT230 (measured)
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Fig. 25: the measured HEW of the 150+230 optic ég8) as compared with the HEW of the two singédishThe average
of the single shells HEW, weighted over the of§-&4, is also overplotted (red asterisks).

The HEW trend of the two mirror shell together appears to bemediate between the two mirror shell
separately, as expected. The agreement is also quantitatinig: 26 we report the comparison between
the measured HEW of the optic 150+230 and the average of the HEW wfotisaells, weighted (as a
Oth-order approximation) over tlaetual effective areas of the two shells:
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HEW, — EAHEW,5, + EAHEW,,,
50+230 .
EASO + EA230

The EAs have already being computed in the section 4.1.2 accountiagrisalignment of 2 arcmin

for each shell. The agreement between the average and thenexjial values is satisfactory at all the
energies up to 25 keV. Over 27 keV the effective area of the 50 drops quickly, therefore (also in

absence of HEW/EA data over 27 keV for the HXT 150), one should ex@e¢¢he HEW of the overall
optic should be identical with the HXT 230 alone. The HEW is obsenatdad to diminish up to the
energy of 30 keV, afterwards it starts to be increased up thingathe level of the HXT 230 after 37

keV. In other words, the HEW increase (that could be related tpa shange of the PSD) is postponed
with respect to the HXT 230.

This strange behaviour can have assible (not quantitatively verifiedxplanations:

1. the ROI adopted for measurement is smaller, hence an importiariraf X-ray scattering can

be lost at energies where the PSD bump scatters at antleebe205 and 250 arcsec from the
focus;

2. even if we have no HEW measurement of the HXT150 beyond 25 ke\Fi(se25) due to the

cut-off of the total reflection of Nickel, we can infer from tihheasured PSD (see Sect 2.5) that

the HEW of the HXT 150 should remain more or less constantto 38 keV Were the EAs of
the HXT150 those of Fig. 4, the contribution of the HXT150 would be negligibléhe

weighted sum. Busince in the adopted positioning of the shell the HXT150 has a larger EA

than the HXT23(see Fig. 25petween 25 and 32 kethe lower HEW of the HXT150 almost
dominatethe weighted sumnyielding the minimum observed at 29 keWhere the difference of
the two areas is largest.
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5. A comparison of the optics PSD and HEW
5.1 Optics 346 (HXT230) and 349 (HXT150 and HXT230 )

In this section we summarize the results of the last ctarzations. We plot in Fig. 26 and 27 the PSD,
as derived from different techniques, for the optics 346 [AD2] and 349. Thé +o®.Q1.m™) and high
(f > 0.01 xm™") frequencies (the distinction is purely conventional) have begarated for reader's
comfort.

The comparison shows that:

1. The optic346 is smootherthan both shells of the 34& the low frequencieswhereas the two
mirror shells HXT150 and 230 of the optic 349 have similar roughneds Igig. 26). This can
be the reason why the HEW of the 349 is larger than that of thet3d& anergies: 34 arcsec
(349 HXT230) vs 26 (346), at 0.5 keV.

2. The optic346 is rougherthan both shells of the 348 the medium-high frequencie.01 — 1
umt), see Fig. 27. This causes a much larger HEW at high esie8i@rcsec (346) vs 45 (349
HXT230), at 35 keV.

3. The shelHXT150 of the optic349 is rougherthan the HXT23@t very high frequencie¢f > 10
umit Fig. 27): however, due to the small incidence angle and due tartitedlisize of the ROI
used to compute the HEW, this part of the PSD causes a scptiatiof the ROI and does not
affect the HEW at the energies considered in the measurements (&,affdeed, the EAS).

s e Optic 349, HXT150
0 | N —— Optic 349, HXT230
10 AN —  Optic 346
9 N~ =D

PSD (nm°)
o
|

TiTes: 3 3 .
10* 10 10
Spatial wavelenght (um)

Fig. 26: a comparison of the low-frequency regimetifie optic 346 and 349 (HXT150 and HXT230). Titecd346 is
smoother, yielding a smaller X-ray scattering at/lenergies.
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Fig. 27: a comparison of the high-frequency regfiorethe optic 346 and 349 (HXT150 and HXT230). dptc 346 is
rougher, causing a larger HEW at high energies.

5.2 Comparison of HXT230 mirror shells (335, 346, 3 49 HXT230)

Half Energy Width (arcsec)

] A Mirror shell 335 - july 2005
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Fig.29: the different HEW trend for some mirror Bbevith the same incidence angle (0.164 deg) aasmed at PANTER
since July 2005.
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In Fig. 29 we can see a comparison among three mirror shellsanturefl at MSFC with the same on-
axis incidence angle (0.164 deg). The best results achievdatleaB35 at low energieand the 349
(HXT230) at high energiesThe 346 has an intermediate behaviour at low energies whergasitse
the worst HEW trend at high energies.

Interestingly, all the HEWs are similar between 15 and 25 kdMtha increases of the HEW
start around 27 keV, with more or less steep trends: the sudden *jofngpee HEW, followed by a
plateau, can be a marker of a PSD peak (see Fig. 26, neam}5Ce. of a periodicity in the topography
of the reflecting surface. However, due to the X-ray sourgergénce, the HEW jump would be
smeared out unless they are broader than they were supposed.

No topographical measurement is available for the 335, hence no smpzan be performed
on the PSD computed from its HEW trend (Fig. 29). In Tab. 5 wedisesvalues of the roughness rms
in similar spatial frequency windows. The comparison shows how s@mdditions in the roughness at
high frequency can make the difference (Fig. 29), especialyghtphoton energies. E.g., the 335 and
the 349 have similar rms, but for the 335 it is more concentrateiglafrequencies: therefore, it has a
larger impact on the HEW in hard X-rays.
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Fig. 30: comparison of the low-frequencies regin&DFfor the mirror shells 335, 346, 349 (HXT230)atidition, the rms
of the 335 in the spectral window 70xm should be 4.6 A to return the observed HEW trend.

Tab. 5 : comparison of some mirror shell rms valimethe medium-high frequencies regime.

Optic (HXT 230) o value
335 (70 + 7um): 4.6A
346 (77 + 7Tum): 6.5A
349 (77 + 7um): 4.4A
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