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HEW Half-Energy Width
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1. Introduction

The present document reports the results of the measurement carapalee MPE-PANTER
[RD1] facility (Neuried bei Minchen, Germany) on an optic prototigrethe Phase A of the
SIMBOL-X hard X-ray telescope development project [AD1, RD2]. dpac prototype (named
EM#3) consists of 3 nested and confocal mirror shells, replicdtddedia-Lario techn from
Kanigen-coated mandrel polished at INAF/OAB. The shells have bednated from the same
mandrels used for the previous tests of this study [AD2, AD3, AD4] hleytdre made of idickel-
Cobalt (NiCo) alloy, rather than simple Nickel adopted hitherto. The adgartéthe NiCo alloy
resides in its nearly-amorphous bulk structure (suggested aldeeipythe shiny, silvery colour):
this results in a lower microstress of shell and coating, het.pblycrystalline texture of Nickel.
This is expected to extend the elastic regime of the mjteraking it less sensitive to permanent
deformations that might arise at the electroforming and els@sge of the mirror replication from
a mandrel. Moreover, a less strained texture would likely resaltsmoother optical surface: this
means that the electroforming and release process is expected to develdpracugdiness.

Like the previous prototypes, mirrors have been coated with a gvstdmultilayer that
enhances their reflectivity in the hard X-ray band, up to 50 keV.eThegltilayer coatings,
deposited by RF magnetron sputtering at MLT using a developdiyf@8D1] for this project,
have all the same nominal structure adopted in the EM#2 testsiganipB4]. The three coated
mirror shells have then been integrated at the VOB at INAB/@ their integration case, while
their HEW was monitored and minimized in UV light (373 nm).

The diameters of mirror shells are approx. 286, 291 and 295 mm aptimeipal plane
(refer to next section for more precise information). In the fatlgwwe shall refer to them as
MS286/1(1% replica from the same mandreilS291/8(8" replica) andviS295/9(9" replica), or
simply MS286, MS291, MS295. The focal length are approx. 10 m, actuallyobal length of
SIMBOL-X optics. The nominal incidence angles, indeed, (0.205, 0.208, 0.211ndkt)eamirror
wall thickness (250 um) are in the operational range of SIMBOILR¢ spider has 20 spokes, a
number near that of SIMBOL-X (24). The mirrors are 600 mm longsémee length foreseen for
SIMBOL-X. A picture of the EM#3 assembly, taken at the integration stagepasted in Fig. 1.

. =

Fig. 1:(left) a view of the EM3 during the integration. Notthe mutual closeness of the 3 mirror shells.
(right) the final stage of the integration of the mirror khieThe temporary clamps, utilized to endow
the shells with the necessary stiffness while handled, are being removed.
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Several details, including the description of the optic mounting syatehdata reduction,
can be retrieved from [AD2, AD3, AD4]. Note that, however, the 3 shdll not be measured all
separately. Two shutters are implemented in the jig, onetisglstopping the focused beam from
the MS291 and MS295, whilst the other one selects the MS286 alone. In otldsy the MS295
and the MS291 will be measured together at their best aligroand. fin this series of tests we also
executed off-axis measurements to check the imaging quality thee-OV of SIMBOL-X
(6 arcmin radius).

In the following sections we report the measurements resudtgfadal lengths 2) Effective
Areas 3) angular resolutiorperformed on the optic prototype at PANTER at 1 to 45 keV, using the
the PSPCin monochromatic setup at low energies (< 10 keV) and T/RbPICat high energies (>
10 keV) in polychromatic setup. Several details regarding theumnemaent setup and the detectors
can be retrieved from [AD3, RD5, RD6].
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2. Preliminary analyses

2.1.

On-axis geometric properties

We report hereafter (Tab. 1 to Tab. 3) some geometrical featfitbe mirror shells under test. The
focal lengths and the HEWs were measured in UV light (373 ntheaBrera VOB, using the new
UV source provided by MLT.

1.

The 3 MSs have not the same focal lengthh respect to the focus of all the EM#3, that of
the MS291 is the shortest (-30 mm), followed by the MS295 (-10 md)renMS286 (+10
mm). The situation is improved wrt. the EM#2 [AD4], whose shell$ &docal lengths
differing by 5 cm. The focal length is also closer to the mani0 m than for the EM#2,
which results in slightly larger incidence angles.

The 3 MSs are confocal'he 3 foci at VOB coincide within 6@m, much less than the pixel
size of TROPIC at PANTER.

The HEW of the 3 MSs is close to 20 arc#ddhe respective best focus, after subtraction
of the diffraction term, the MS295 has a 19.3 arcsec HEW, the MS28& B@sl arcsec
HEW, the MS291 has a 23.7 arcsec HEW. All the mirror assembitg lest focus, has a
22.1 arcsec HEW. The same values were obtained with the VOB whthiexperimental
error, after the measurements at PANTER.

The focal length of the EM#3 that will be measured at PANTERpproximately 10.9 m
due to the finite distance of the source [AD3].

For all shellsthe first half of the parabolic section will not observed in doublkcgbn
due to the finite distance of the source [AD3].

For all shellsthe incidence angles on the parabola and on the hyperbola are diffatent
with the source on-axis, because of the non-negligible X-ray beam divergdd8g [A

The spider itself obstructs the 10% of the geometric (and effective) area.

8. Small Aluminium bars (5.35 mm large, 1.95 mm thick) have been glued to the front surfaces

of the spider spokes (only a bit narrower than the bars) to shadéatbeat surface against
grazing incidence reflection [AD3]. This increases the spiderati®on, V, by an amount
slightly variable with the energy of the photons (2%, due to theabariAluminium
transparencya(E)):

V,(E) = 0.1+ 0.019% (1- T, (E)) 2.1)
V,o,(E) = 01+ 0.017% (1-T,, (E)) (2.2)
V,oo(E) = 01+ 0.015% (1-T,, (E)) (2.3)

the transparency of the Aluminium bars, as a functidf, of plotted in [AD3].
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3 Astronomico X-ray tests at PANTER on Nickel-Cobalt EM#3 (phase A)

Tab. 1: Geometric properties of the sHzdb/1

Parameter Symb. Value
Maximum mirror diameter (parabola) 2Rnax  288.65 mm
Median mirror diameter 2Rned 286.50 mm
Minimum mirror diameter (hyperbola) 2Rnin 280.07 mm
Mirror length (parabola + hyperbola) 2L 600 mm
Nominal, on-axisaverageincidence angle a 0.204 deg
Measured focal length with the VOB f femss+ 1 €M
Focal distance for a source at infinity (computed from PANTER meas.) f 10.07 m
Mirror walls thickness T 250 pm
No. of spider spokes S 20
Expected figure error HEW (measured with the VOB at INAF/OAB) Ho 20.1 arcsec
Distance of the X-ray source at PANTER 120.90 m
X-ray beam divergence (at the mirror front-end) at PANTER o 0.068 deg
Average incidence angle on the parabola at PANTER op 0.272 deg
Average inc. angle on the hyperbola (@@uble reflectionat PANTER Op 0.136 deg
Lostarea fraction of parabola for double reflection at PANTER Q 49.7 %
Radius of the parabola single-reflection corona at PANTER p I 52.3mm
Mirror obstruction by spider at 1 keV Vv 11.89 %
Obstructed geometric cross-section for double reflection atANTER A 5.71 cm2
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Tab. 2: Geometric properties of the sHll/8

Parameter Symb. Value
Maximum mirror diameter (parabola) 2Rnax  293.20 mm
Median mirror diameter 2Rned 291.04 mm
Minimum mirror diameter (hyperbola) 2Rnin  284.47 mm
Mirror length (parabola + hyperbola) 2L 600 mm
Nominal, on-axisaverageincidence angle a 0.208 deg
Measured focal length with the VOB f femes - 3 cm
Focal distance for a source at infinity (computed from PANTER meas.) f 10.03 m
Mirror walls thickness T 250 ym
No. of spider spokes S 20
Expected figure error HEW (measured with the VOB at INAF/OAB) Ho 23.7 arcsec
Distance of the X-ray source at PANTER D 120.90 m
X-ray beam divergence (at the mirror front-end) at PANTER o 0.069 deg
Average incidence angle on the parabola at PANTER op 0.277 deg
Average inc. angle on the hyperbola (@@uble reflectionat PANTER Op 0.139 deg
Lostarea fraction of parabola for double reflection at PANTER Q 49.3%
Radius of the parabola single-reflection corona at PANTER p I 53.1mm
Mirror obstruction by spider (at 1 keV) \% 11.70 %

Obstructed geometric cross-section for double reflection atANTER VAG“" 5.92 cm?
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Tab. 3: Geometric properties of the shb/9

Parameter Symb. Value
Maximum mirror diameter (parabola) 2Rnax  297.3 mm
Median mirror diameter 2Rned 295.1 mm
Minimum mirror diameter (hyperbola) 2Rnn 288.4 mm
Mirror length (parabola + hyperbola) 2L 600 mm
Nominal, on-axisaverageincidence angle a 0.210 deg
Measured focal length with the VOB f femes - 1 cm
Focal length for a source at infinity (computed from PANTER meas.) f 10.05m
Mirror walls thickness T 250 ym
No. of spider spokes S 20
Expected figure error HEW (measured with the VOB at INAF/OAB) Ho 19. 3 arcsec
Distance of the X-ray source at PANTER D 120.90 m
X-ray beam divergence (at the mirror front-end) at PANTER o 0.07C
Average incidence angle on the parabola at PANTER op 0.280 deg
Average inc. angle on the hyperbola (@@uble reflectionat PANTER Op 0.140 deg
Lostarea fraction of parabola for double reflection at PANTER Q 49.7 %
Radius of the parabola single-reflection corona at PANTER p I 53.9mm
Mirror obstruction by spider at 1 keV \% 11.54 %

Obstructed geometric cross-section for double reflection atANTER VAG“" 6.09 cm?
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2.2.  Multilayer structure

The nominal structure of the multilayer is the same reported in [AD4]. As theiti@pdecility has
targets as long as the mirror shell itself, there is no rooput@ small substrate in front of the
targets during the coating run of MS under test: the stack péeesn(Tab. 4), that will be used to
derive a theoretical model of the mirror shells EA, are tmesderived from the analysis of a
deposition run immediately previous to that of the MS295 of the EM#2.

Tab. 4: probable multilayer structure, as derived from the witness samile MfS#295 of theEM#2

Supermirror parameters for Si Supermirror parameters for W
st
(120 kﬂf;";'gs).'aw A=63.43 Ab=-0.90c= 0.31 a= 4556 Ab = -0.64. = 0.294
nd
2 fower law a=60.3Ab=27.6c=0.24 a=19.72 Ab=1.15¢c=0.37

(75 bilayers)

A verification of the stability of these parameters over the tinfgsethfrom EM#2 to EM#3
has also been done by measuring the reflectivity of a witasgple just outside the mirror shell
length. Some previous runs allowed us establishing a nearly-corstkmess ratio between the
sample placed outside the shell and samples aligned along thierssid. The tests allowed us to
reasonably conclude that the Tab. 4 reports a good approximation to the actuayemdtiucture.

The XRR measurement on the witness sample returns a roughoesdclthat of the Si
wafer substrate (3 A). The roughness of the multilayer on the WiSthen probably inherit the
roughness of the substrate, without a relevant intrinsic contributioallysi notice that the W
density inferred from the fit is lower (17.5 — 18 g/cm3) thae batural one (19.3 g/cm3). The
inferred value for the density will be adopted in the following estimations.

2.3. Off-axis EA predictions

In this section we provide estimates of the mirror shell Baswill be measured at PANTER. This
will also include a quantification of the effects on the EA due to the off-axis setup:

1) Mirror reflectivity variation with off-axisin addition to all the usual effects affecting the
EA of the mirrors (finite distance of the source, obstructionsaserfoughness), already
accounted for in previous reports [AD2, AD3, AD4], we have to considertjitings that the
two MS291 and MS295 will be measured together, and in generahtheywt be perfectly
mutually aligned at the integration stage. The EA simulatiortdascount for this effect,
that changes the reflectivity of the mirrors, depending on th@act point on the shells.
even on-axis. A probable mutual misalignment between the shwlddsnot, indeed,
exceed 70 arcsec, like for the EM#2 [AD4]. The effect of thsaignment is expectedly a
smoothing of short-period reflectance features in the EAak@ff-axis setup, the situation
Is different because the reflectivity and the vignettinghef mirrors varies from point to
point of the mirror.

2) Spider obstructionthe off-axis causes the two spiders not to be any loniggreal and their
obstruction might be larger. However, this effect has a smalhdm If there were no
Aluminium bars on the spokes (Se@.l1l), for a 0.1 deg maximum misalignment
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(corresponding to the Field of View of SIMBOL-X), this effect @bdle quantified in a
1.4% for the MS291. This is of the order of the correction reportedsn Z1 to 2.3, so we
approximatelyinclude it in calculations as follows, whetés the off-axis angle:

V.4 (E) = 0.1+ 850tans + (0.019- 850tans) x (L— T, (E)) (2.4)
V,o,(E) = 0.1+ 835tand + (0.017- 835tan) x (1T, (E)) (2.5)
V,oo(E) = 0.1+ 824tans + (0.015- 824tand) x (L— T, (E)) . (2.6)

3) Mirror shell mutual vignettingthe close spacing between the shells might cause them to be
obstructed. In particular, the source divergence causes the MS291 twiohsmall area of
the MS295 when the off-axis angle becomes larger than

I = eaZ9V "R (29D _ 5 190 (2.7)

obst —
L

as can be easily derived from data reported in Tab. 1 to3Tdlbowever, if the shells are
misaligned by even 0.1 mm, this limit could be even lowered to 48imrd herefore we
can expect some vignetting for off-axis angles > 5 arcmin.

The expected on-axis (including a 30 arcsec misalignment okshll the axis) and an off-axis
EA curve are plotted in Fig. 2, for a fixed mirror roughness of Ztf& mirror parameters adopted
are those listed in Tab. 1 to Tab. 3, the multilayer is desciietab. 4. Apparently, no EA
changes can be expected below 10 keV as long as the oftdoaboiv 0.1 deg. At higher energies,
instead, there is an apparent “smoothing” of reflectivity also below thét lim

16 :’1‘ — Onaxis ,
b —— 2 arcmin off-axis
14 4 g - 4 arcmin off-axis
o ] —— 6 arcmin off-axis
e 127
L ]
g 10 “\
: 0 VS
2
: e N\
= ] =
w 43 FANN
i AV B
O-IIIIIIIIIIIIIIIIIIIIIIIIIIIIillllllilrll‘I-I
) 10 15 20 25 30 35 40 45

Photon energy (keV)

Fig. 2: Theoreticalon-axisand off-axis effective area simulations for the entire EM#3 optic. Theyhoess
has been fixed at 4 A, W density at 17.5 g/cm3.

It is worth noting that, only for an incidence angle larger than 0.27 ded#4bed to Tab. 3)
some part of the outer surface of mirror shells is exposed tot reay flux, then some beam
could in principle reach the detector after bouncing back and forthebetiihe shells, reflected
alternatively by the optical and the NiCo surface. Unfortugafet off-axis angles larger than 0.15
deg the single-reflection coronae cross the focal spot and no measureri@bke possible.
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3. System alignment and best foci

Like in previous tests [AD2, AD3, AD4], the alignment of the optic toXheay beam was driven
by motors, able to rotate (horizontally) and tilt (vertically® fig. The positions of the optic could
be monitored along with two encoders, returning continuously the rotatiotiliaadgles of the
system (an encoder step equals an arcsec rotation). Thdigpasieat to the source is obtained by
centring the focal spot in the center of the single-reflect@onae. In spite of the large diameter (8
cm) of the PSPC, however, it was impossible to observe albtioaa@e (~5 cm radii, see Tab. 1 to
Tab. 3) with a single exposure, therefore it was necessamyote the PSPC off-center, at 4
different lateral positions. The coronae, obtained with a “mosdisingle PSPC exposures (Fig.
3), enable the alignment evaluation a posteriori (and to corrécindeded). Though they are
confocal, the three shells cannot be exactly aligned coaxiafigeh@eir best-align position will be
different in general, and the coronae will not be concentric (Fig. 3).

Fig. 3: A mosaic of PSPC images of focal spot and single-reflection corortae BM#3 at 1.49 keV.
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From Fig. 3 the accurate alignment positions of the 3 shells cauldomputed. By
averaging them, a 17 vertical misalignment of the overall EM#3dcbel derived. After the
correction of this misalignment, the orientations of the 3 shells nespect to the best align of the
EM#3 are listed in Tab. 5. It is seen that the misalignment disskig. the adopted position does
not exceed 30 arcsec, with little influence on the effective &@athe measurements of the single
MS286 its best alignment position was selected. When more than ohevabeheasured at the
same time (e.g. MS291+MS295), the average of the best-alignmglets amas selected. In any
case, the small misalignment of shell was accounted for inaimputation of the model EA. For
the off-axis (at 2, 4, 5 arcmin) measurements, the rotation wikfeered to the EM#3 axis and the
small misalignments were accounted for in the EA models.

Tab. 5 Approximate (#5 arcsec) alignment positions of the 3 mirror shells, retérte the adopted
alignment of EM#3. The + sign in the horizontal rotation correspondsdooff-axis direction
used in the measurements.

Rotation M S286 MS291 MS295 291+295 EM#3
Horizontal (arcsec) -17 -22 +38 +8 0
Vertical (arcsec) -5 +10 -5 +3 0
Total (arcsec) 18 24 38 9 0

Also the focal lengths of the shell are not identical (S2&). The focal distances, relative
to the source at finite distance (120.90 m), have been measured by ftinelidgtector position
along the axis that minimizes the HEW, in correspondence to thieegeof the parabola. Fig. 4
reports the results and shows that the focal plane of the MS286ated at a 10.997 m distance
from the intersection plane and that of the pair MS291+MS295 at 10.962 rtheFohole EM#3
the focus is 10.976 m behind the intersection plane. A5 mm error can be assumed on these quotes.

. MS286
. O Measured

| HEW291_295
| A Measured
. —— Polynomial fit, best focus at 10.962 m

: EM#3 | :
50 N TN N @ Measured AV o A S

\ . — Polynomial fit, best focus at 10.976 m 1
‘0 H H

HEW (arcsec)

W
(@]
T

fn g
Hoogfe™o

IIIIIliIIIIIIIiIIIIIIIilIIIIIlllllllllilllllllillll
10.88 10.92 10.96 11.00 11.04 11.08
Measured distance from mirror I. P. (m)
Fig. 4: The HEW (measured with the PSPC at 1.49 keV) of the two rsimetis as a function of the detector

position along the axis. The vertices of the best parabolic fitgddbe focal planes. The HEW were
computed over the whole PSPC field.
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We can now derive, from the measured focal positigritie true focal lengthls using the
formula (see e.g. [RD3)):

fD
= 3.1
D+ f' (3.1)
whereD = 120.90 m is the source distance. We also estimate the relative efror on
2 12
S S SR By S (3.2)

& £+ Eq,
f (D+fl)2 f (D+fl)2 D

asD =10 f, fis 10 times less sensitive to an erroiDpthan onf’. This means that an error of 1 cm
onD translates into a 1 mm error frmuch less than the error introduced’byso we get

fo86= (10.07+ 0.01) m and  fae14205= (10.05% 0.01) m (3.3)

the best focus of the whole EM#3 optic (green points and line in Figs 4)as expected -
intermediate between the other two. The focal distance for aesatriofinity can be calculated
with the Eq. (3.1), yielding

femss = (10.06x 0.01) m (3.4)

exactly in the middle of the two. We can now use this number tondegthe focal lengths for a
source at infinity, as measured with the Brera VOB, fortalghells using the reported values in
Tab. 1 to Tab. 3. The found values for the absolute focal lengttth wall the diameters and the
incidence angles on the shells.

The HEWSs at the best foci (at 1.49 keV) deserve a few wordsthEoMS286 it is(]21
arcsec (over all the PSPC field), in good agreement witmérgesurement at the VOB (Tab. 1).
Notice that this is slightly larger than the values repdridtie next section, due to the smaller ROI
adopted there — to allow the comparison with TRoPIC. For the MS291+M§2924.5 arcsec,
larger than the measured ones with the two shells, separatelyd 29 arcsec with the VOB). This
Is due, expectedly, to the difference in focal length. The raguitical length is close to that of the
MS295, whereas the MS291 thatdisfocused by 2 cmesulting in a 13 arcsec additional HEW
(following [RD4]). Summation in quadrature for the defocused MS291 yi&ld3 arcsec. Finally,
averaging with the HEW of the MS295 (at the best focus) retlBrasatcsec, vs. 24.5 measured at
PANTER. The average is justified by the similar areas of the two shells.

Similar comments apply to the EM#3. Defocusing the three MS286, M3295295 by
1,3,1 cm respectively we obtain 22.7 arcsec as average HEW, vs. déiserete24 arcsec. The
agreement is quite good, considering the uncertainties on theldag#h and on the HEW of the
shells as measured with the VOB.
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4. Mirror shell 286

4.1. The PSPC and TRoPIC views

The focal spot of the MS286 at low energies, as seen with tRA€ EStector at 0.93 keV photon
energy, is displayed in focus and intra-focus in Fig. 5. Thifiesninimum energy used in the
measurement campaign, that should also minimize the impact ¥fridwe scattering on the HEW.
All the images here reported span over a 360 arcsec angular digregtar though the full PSPC
field would be much larger. This selection has been done tolemserhparison with TRoPIC. The
intra-focus image is a symmetric ring, clearly modulated 20&t@egments due to the spider spokes
shading. A faint central spot, related to a concentration of sedttays in the common intersection
of the planes of incidence onto the mirror, is also visible inirttra-focal image. The integration
time for each exposure, though variable from case to case, was rianige 5-10 min, sufficient to
record a photon count rate with a 0.5-1% accuracy, for flat fields, for in-focus aneéxpOsures.

360 arcsec

Fig. 5: theon-axisfocal spot of the MS 286 at 0.93 keV (the Guihe), as seen by the PSPC. Logarithmic
colour scale. (left) in focus, (right), 35 cm intra-focal.

The in-focus HEW of the MS286 at 0.93 keV, computed over a ROI withgdd0 arcsec,
is 18.2 arcsec. This value can mainly be assumed as an estimation of the gguor of the mirror
shell and the errors introduced at the integration stage. Thisalsanf proximity of the result
obtained with the VOB (Tab. 1). This HEW value is only loosely depgrmiethe considered ROI:
e.g., extending the calculation to all the PSPC field, the reguiEW would be larger by
(1L arcsec. In the following we will always refer to a 180 areselius ROI also for the PSPC, for
consistency with TRoPIC, that covers exactly a 360 arcsec angularteiamhen seen from a 11 m
distance. More HEW values at different photon energies for the MS286 can be found 43Sec

In Fig. 6 we display some PSPC images of the focal spot di18#286 at 0.93 keV, after
tilting horizontally the optic by 4 arcmjin order to simulate a 4 arcmin off-axis source. The image
sizes are the same as Fig. 5, with the detector position unchanged.
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At a glance, the in-focus, off-axis focal spot (Fig. 6, leftessentially indistinguishable
from the in-focus image on-axis (Fig. 5, left). Both are quitersgiric and, by computing the
HEW of the off-axis focal spot in focus (i.e. at the best fagfuie on-axis exposure), one obtains
19.1 arcsec (always within a 180 arcsec radius ROI), only slightly laripan the corresponding
HEW on-axis. This effect is systematic, i.e. it can be observed at all photgnesr{see

Tab.6). However, the HEW at 5 arcmin off-axis is in general smaller tharotinesponding
values at 4 arcmin off-axis, suggesting a diminishing impact-ody scattering as the off-axis
angle is increased.

Ominmovement o tg pspc  [maxmoveme

Fig. 6: 4 arcminoff-axis focal spot of the MS 286 at 0.93 keV (the Gulhe), as seen by the PSPC.
Logarithmic colour scale. In the image reference frame, the optmtased about the vertical axis,
in counter-clockwise sense for an observer placed atop. (left) in focus, ,(BgHhtn intra-focal. Not
shown is the single-reflection corona, that falls in the right part of the HeRIC

On the contrary, the intra-focal image of the MS286 in off-axigps@-ig. 6, right) differs
significantly from the on-axis one (Fig. 5, left). The off-axisge exhibits a clear asymmetry, as
the sectors on the left side reflect much better. This isedabg the variation of the incidence
angles on the mirror, depending on the azimuthal coordinate of impguarticular, the sectors on
the left offer a larger cross-section to X-rays (even thoudinsatglance the contrary would seem
more intuitive). In fact, in mirror sectors at left the geomatrvignetting for double reflection
[RD3] is reduced as the incidence angles on the parabola and the hyperbola bemsimitaoy at
the expense of the sectors on the right side. In fact, we detheheffective areat low energies
(i.e. below 10 keV) remains essentially unchanged with respdioe ton-axis case (see SetR),
in agreement with the theoretical model (see Fig. 2).

An in-focus and an out-of focus, on-axis image of the MS286 focal spoinettaith
TROPIC up to 50 keV, are displayed in Fig. 7. The in-focus image doesgmificantly exhibit
relevant features (even if the image is better resolved tharthvd PSPC), but an apparently larger
amount of scattering in the TRoPIC field. This becomes also eppaom the OOF image: in fact,
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the central spot, caused by the concentration of XRS, is muchewigient than at low energies
(Fig. 5), and it becomes even the point with maximum count nabeighout the image. On the
contrary, as in the 0.93 keV exposure the maximum was spread over the “ring”.

The optic was tested in energy-dispersive setup with TRoPIChand-tay source at 20, 35
and 50 kV voltage. At low energies, the reflectivity of the mirror is expéctarger, hence the risk
of pileup occurrence is larger in the 20 kV setup, and chiefly in th&atepixels where the
maximum concentration of photons takes place. The anode current wasviierfior the in-focus
exposures (2 mA at 20 to 35 kV, and 5 mA at 50 kV), and higher for the OOF ones (8 mAdt 20 a
50 kV, 15 mA at 35 kV). Note that the focus is slightly off-centeth@images. The X-ray beam
was attenuated by interposition of Ti filters with variablekhess: at 20 kV, 300m for the Flat
Fields and the intra-focal images and %00 for the in-focus images; at 35 kV, a 1 mm thick Ti
filter for all exposures; at 50 kV, a 1 mm Ti filter and the20V window kept closed to act as a
further filter. The adopted preventive measures allowed to keepléup pate below 0.5% in the
in-focus images, and even below 0.2% in the OOF exposures (uniforripputisd over the ring).
The integration times used with TRoPIC have been, in general, ldutfaf focus measurements
and 40 min for in-focus exposures.

Fig. 7: on-axis focal spot of the MS286 at seen by TRoPIC, withXtfey source at 50 kV setup.
Logarithmic colour scale. (left) in focus, (right), 35 cm intra-focal.

4.2. Effective areas

EA values of the MS286 are obtained from the integration of thgam#o obtain the total count
rate (spectrally-resolved for the measurements with TRoPT@§ count rate has then been
normalized to the count rate per unit area of the incident beam, tignglat Field exposure.
Actually, as the Flat Field image (2 cm diam. + beam divexgedid not fit into the TRoPIC field
(19.2 mm wide), a 208 200 pixel rectangle was selected in each Flat Field to ghebancident
beam. The incident beam density was then obtained by normalizatiba #)0x200 pixel area,



X-ray tests at PANTER on Nickel-Cobalt EM#3 (phase A)
SIMBOL-X optic prototype

Code:01/2009 INAF/OAB Technical | Issue: 2 Class CONFIDENTIAL  Page: 18
Report

that translates into an equivalent area of 1.89 cm? at the opttmiocé/e always adopted a 180
arcsec radius ROI to execute the focal spot integration, for both PSPC and TRoPIC.

4.2.1. On-axisEA

As pileup is not an issue for the PSPC, the measured EA valtles mbnochromaticenergies
from 0.93 to 8.045 keV, have been obtained frarocus PSPC images. The results are plotted in
Fig. 8 (circles), overplotted to the expected effective area sumteeoretical models are obtained
along with the reflectivity computed from the multilayer pararsetf Tab. 4, for different surface
roughness values. Below 10 keV, the measured values lie well othdbeetical curves: this
confirms that the X-ray flux is properly impinging on the mirdorthis energy range, roughness is
almost of no influence on the reflectivity in this energy rangé, @ be seen from the degeneracy
of theoretical models below 10 keV. Moreover, no guess is provided byiraepéal data
regarding the multilayer structure, as the photon reflection sdoutotal reflection regime. The
statistical error on the measured effective area is close to 1%.

& M8286 on—a;(is‘ over a 180 arcsec radi‘us ROI (TROPIC Qut Of Fpous)

O 8 s s E e oo R R i
‘ : Calculated models: Measured: ‘
. o =4A (required) © PSPC, in-focus
R e N A c=8A - = TRoPIC, OOF, 20kV
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Fig. 8: theon-axiseffective areas for the MS286, as measured with the PSPC in monottreshap, and
with TRoPIC in energy-dispersive setfimm OOF imagesError bars in the EA data are omitted
for clarity, but the statistical error is in general of a few percent.

High-energy (> 10 keV) data have befrstly obtained with TRoPICfrom the OOF
images, in energy-dispersive setup (Fig. 8, dots). This has been done in orderirtaze the risk
of pileup occurrence, hence to increase the X-ray source pdwielgiag the integration time. This
allowed the statistical error of the EA measurement to boly faiv: 3% at 18 keV, 4% at 30 keV,
11% at 40 keV. We see that the measured EA values are qudiltatiagreement with the model,
even if the measured reflectivity is systematically belthe theoretical predictions and, in
particular, with respect to the model with 4 A rms roughness, witiofesponds to the theoretical
requirement. We see, instead, that the measured EA values pettiehthe curve with 8 A, and
even 12 A below 20 keV.

In-focus TRoPI C images were also processed to check the results of Fig. 8, as albeffor t
the pileup was kept at a very low level using a thicker filted a lower current than for OOF
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images (Sec#.1). The computation of the EA accounted for the different current asélkf Flat
Fields and the in-focus measurements, and for the photo-absorptwrthfeodifferent Ti filters
used as beam attenuators. The results of the in-focus measuegepldtted in Fig. 9. In general,
due to the much lower count rate of the in-focus image, the istatistror will be larger than for
OOF measurements: 10% at 18 keV, 8% at 30 keV, 15% at 40 keV. Tiésresason why in-focus
measurements were not considered for computing the EAs in previoysigas [AD2, AD3,
ADA4].

M8286 on- a><|s overa 180 arcsec radlus ROl (in-focus) |

&)
Calculated models ' Measuréd
| =4 A (required) © PSPC, in-focus
40 i N c=8A TRoPIC, in-focus, 20 k\f
=a O . I =12 A " - TRoPIC, in-focus, 35 k\f
o 4 ‘ ! § i i i+ TRoPIC, in-focus, 50 k\f;
o] : : : : : : :
o 3.0 —
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Fig. 9: theon-axiseffective areas for the MS286, as measured with the PSPC in monottreshap, and
with TRoPIC in energy-dispersive settfigm in-focus imagesThough omitted for clarity, error
bars are larger than 10%.

The comparison shows that there is a sensitive EA gain for tleeus-fsetup (20% at 18
keV) up to 25 keV, while beyond this energy the measured EA valuegmgrsimilar. In fact, the
in-focus EAs are more consistent with the theoretical model asguar8 A roughness, whilst the
EAs OOF matched better a 12 A below 25 keV (Fig. 8). The difterenight be related to X-ray
scattering, as for OOF images the ring is close to thetdeteedge and several photons may have
been scattered out of its field.

In practice, the OOF results (Fig. 8) represent the EefMS286, as measured over a
smaller ROI due to the closeness of TRoOPIC edge. The effgcbejandeed, reduced beyond 25
keV, because softer X-rays are scattered at larger sogt@mgles by a given range of spectral
components of surface roughness. The roughness values obtained fromexiagrdata will be
compared with metrological data aimed at a direct measurements of suirface roughness.

4.22. Off-axisEA

Measurements of off-axis EA of the MS286 have been performedh@tR$PC in monochromatic
setup at 2, 4, 5 arcmin off-axis. In particular, we report in Figthe effective areat a 4 arcmin
off-axis (wrt. the best align of EM#3). The effective areas below 10Ww#N a 2 or 5 arcmin off-
axis are essentially unchanged with respect to the valuesta@are, for 4 arcmin off-axis. The
measured EA values (within a 1% error) are compared in Fig. tOthe theoretical models,
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assuming different roughness values of the mirror surface; igaignment reported in Tab. 5 was
added to the off-axis in the computation of models.

Below 10 keV, the EA measured values match very well the ¢hieak curves (with the
exception of the 0.93 keV photon energy). No data are available beysrahéngy. Notice that the
EA values are almost unchanged with respect to the on-axis a@dedo not allow to retrieve
information on surface roughness.

MS286, 4 arcmin off-axis (from in-focus, PSPC images)

5.0 —-OQ ------ T P — S Calculated models: - Measured: -
17 : i i i a=4A(req.) o PSPC
o c=8A i ‘
c 4.0+
S i
@
@ 30
@
° i
=
s 2.0+
@
= -
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Photon energy (keV)

Fig. 10: 4 arcmin off-axis effective areas for the MS286, as medswith the PSPC in monochromatic
setup.

4.3. HEW and W90

The HEW values of the MS286, as measured with the PSPC as iardunfcthe energy below 10
keV (Tab. 6), exhibit an increasing, on- and off-axis, trend due tmt¢heasing relevance of the X-
ray scattering with the photon energy, even if the HEW it dininated by figure errors. The
HEW, below 10 keV, changes very slowly with the off-axis angle. @hexis was limited to 5

arcmin to avoid a contamination from the single-reflection cordrat, would enter the ROI for
higher off-axis.

Tab. 6: on-axis and off-axis HEWM (.2 arcsec) of the MS286 at low energies (ROI < 180 arcsec).

Cu-La Al-Ka Ag-La Ti-Ka Cr-Ka Fe-Ka Cu-Ka

HEW (arcsec) (0.93keV) (1.49keV) (2.98keV) (4.51keV) (5.44\ (6.40keV) (8.05 keV)

on-axis 18.2 18.5 20.1 21.8 22.0 225 23.3
2 arcmin off-axis 18.4 18.8 21.3 21.4 23.2 22.8 24.0
4 arcmin off-axis 19.1 19.6 21.2 23.1 229 23.2 249

5 arcmin off-axis 18.2 19.0 21.9 22.3 22.2 22.5 23.5
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The systematically-larger values of the HEW off-axisthwiespect to the on-axis values,
might in principle be related to optical aberrations tkena and field curvatureéQuantification of
these effect can be done along with the empirical formulae reportgAD7]: application to our
specific case returns a theoretically-predicted focal Bluntreported in the first column of Tab. 7.
The results are given in terms of FWHM = 2.84%fter approximating the mirror PSF with a
Gaussian profile of rms, and assuming (very roughly) HEW FWHM. The theoretically-
computed aberration was then added in quadrature to the measured HEW &inGe93 keV, and
compared with the experimental off-axis HEW values at theesemergy (¥ and & columns of
Tab. 7). The agreement is poor, i.e. the invoked aberrations are ilesuftic explain the HEW
increase as the source is moved off-axis. Moreover, the theafictsraberrations that increase
with the off-axis angle, whereas at 5 arcmin the HEW valgenaller than the one with a 4 arcmin
off-axis, at the same photon energy. This is systematicallynadabeat all energies (see Tab. 6),
with almost no exceptions.

The W90 measured values at the same energies with the P8RS alithin a 180 arcsec
radius, are reported in Tab. 8. Like for the HEW (Tab. 6), also thewalg@s with a 5 arcmin off-
axis are smaller than the corresponding ones at a 4 arcmin off-axis.

Tab. 7: comparison of predicted off-axis aberration for the MS286 atKe93(18.2 arcsec on-axis) and
experimental results.

Off-axis Theoretical On-axis HEW (meas. at Measured HEW
aberration 0.93 keV) + theoretical at 0.93 keV
(FWHM, arcsec) aberration (quadratic sum) (arcsec)
0 arcmin 0 18.2 18.2
2 arcmin 0.6 18.2 18.4
4 arcmin 2.3 18.3 19.1
5 arcmin 3.5 18.5 18.2

Tab. 8: on-axis and off-axis W983 arcsec) of the MS286 at low energies (ROI < 180 arcsec).

Cu-La Al-Ka Ag-La Ti-Ka Cr-Ka Fe-Ka Cu-Ka

W0 (Aresee)  o3kev) (L49kev) (2.98keV) (451kev) (544N (6.40keV) (8.05 kev)

on-axis 75 84 91 105 104 107 107
2 arcmin off-axis 78 87 93 104 107 103 107
4 arcmin off-axis 86 90 101 115 114 110 113
5 arcmin off-axis 79 88 96 105 108 104 108

The on-axis HEW trend at low and high energies is reported in Fig. 11. Thevidl5®és were
measured within a 170 arcsec circle because the focal spot dfdlinexactly in the center of
TROPIC field, then the largest circular, centred on the fgwad, ROI that could fit in was only 340
arcsec wide instead of 360. Starting from the initial HEW vahid93 keV, the HEW exhibit a
typical increasing trend caused by the increasing relevantee oX-ray scattering. It seemingly
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tends to “saturate” up to 20 keV, then starts to increase againpn@ary-linear fashion. The
oscillations in the HEW trend are probably due to the modulation of-tiag scattering, caused by
the interference of scattered X-rays by the roughness bf mattilayer interface. In Fig. 27 the
experimental HEW trend is compared with that of the MS291+295 and that of the EM#3.

60 —
55 —
50 —
45 —
40 —
35 —
30 —
25 —
20 —

Half-Energy-Width (arcsec)

LI i LI L I: LI i LI I: T T 17T i LI I: T T 17T i LI i LI L I:
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Fig. 11: on-axisHEW values for the MS286, as measured with the PSPC in monoclureeta (circles)
and in energy-dispersive setup with TRoPIC (triangles) .
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5. Mirror shell 291 and 295

5.1. The PSPC and TRoPIC views

The MS291 and MS295 have been measured together. Some portionsOofi&&$ (360 arcsec
wide) in monochromatic setup at 0.93 keV are displayed in Fig. 12. B4pect to the images of
the MS286 (Sect4.1), the focal spot is less symmetric; the in-focus imagebagHhivo spokes at

90°, one of them clearly related to a “bump” in the upper part of all of the OOFsm&gehave no

way, from this dataset, to discriminate which shell is responfiblinis defect, but it seems likely
that the deformation was arisen at the handling and integratige, sta the optical quality of the
MS291 (and the MS286) in UV light was observed to worsen with theategpéhat of the free-

standing mirror.

Fig. 12: the on-axis focal spot of the MS291+295 at 0.93 keV (theaQink), as seen by the PSPC.
Logarithmic colour scale. (left) in focus, (right), 31.5 cm intra-focal.

The MS291+295 have been tested with the PSPC at the monochromatiesshsted in
Tab. 9, on-axis and off-axis by 2, 4, 5 arcmin, in-focus and OOE. HBW at 0.93 keV, as
measured over a 180 arcsec ROI (for consistency with TRoPIGesed.1), is21.5 arcsecbetter
than we got with the previous prototype, the EM#2, made of 2 shelis thhe same mandrels
[AD4], but it should be remembered that the focal lengths of tbeshells of the EM#2 differed by
8 cm instead of 2 (SecB). Then the defocusing in the present case is much lower thahefor
EM#2, and the HEW of the two individual shells are expectedly wivae those of the EM#2
which, at the respective best foci, had 15-16 arcsec HEW.

In Fig. 13 we display two images at 0.93 keV for a 4 arcmivads. The tilt direction of
the optic is the same of Fig. 6. The off-axis is responsiblehrasymmetry in the OOF image
(Sect.4.1). The integration times have been shorter (2 to 5 minutes) threfdtS286 due to the
larger EA of the two MS together, in order to keep the santiststal error on the count rates
(between 0.5 and 1%).
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Fig. 13: 4 arcminoff-axis focal spot of the MS291+295 at 0.93 keV (the Guihe), as seen by the PSPC.
Logarithmic colour scale. (left) in focus, (right), 31.5 cm intra-focal.

Fig. 14: on-axisfocal spot of the MS291+295 at seen by TRoPIC, with the X-ray souf® l&/ setup.
Logarithmic colour scale. (left) in focus, (right), 31.5 cm intra-focal.

In Fig. 14 we plot a TRoPIC field with the source at 50 kWsei.e. illuminated by a
continuum X-ray spectrum up to 50 keV. The amount of X-ray scattenirtgel TroPIC field,
responsible for the HEW increase and the Effective Area loskeady visible in both in-focus and
intra-focal image. Notice also the major relevance of the aespot in the OOF image, with
respect to the low-energy measurements (Fig. 12 and Fig. 13). -féwe séurce settings and the
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integration times have been the same used to test the MS2864($pdEven if the larger effective
area could have increased the risk of pileup, it turned out to be very tbe in-focus images (less
than 0.4% at 20 kV, where the reflectivity is the highest). m@OF images, paradoxically, the
same pileup percent is present as the source power was inciaseaver, most pileup occurs in
the central spot also in the OOF image (Fig. 14, right).

5.2. Effective areas

5.2.1. On-axisEA

12 7 MS291+MS295, on- axis, overa 180 arcsec radius ROI (TROPIC Out Of Focus)
13 ‘ | i ‘ . ‘

Calculated models Measured
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+ TRoPIC, OOF, 20kV
§ i i | =12 A + TRoPIC, OOF, 35kV
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Fig. 15: theon-axis effective areas for the MS291+295, as measured with the PSPC in mumadicr
setup, and with TRoPIC in energy-dispersive satagyed from the OOF exposures

For the EAs measurazh-axisfor the MS291+295, similar comments apply as those for the MS286
(Sect.4.2.1). The EA values at low energies (below 10 keV), as measuredheithSPC within
1%, match very well the theoretical predictions (Fig. 15), iigas of the surface roughness since
models with very different return almost the same predictions.

At higher energies (beyond 10 keV) the measured EA with TRaRitchf-focus matches
the prediction qualitatively, but it is considerably below the reduifA values, i.e. the curve with
a 4 A surface roughness (Fig. 15). In this case the high flux edldw the OOF setup allowed a
good statistics (the error on the EA values is 2.5% at 18 keV, 2% at 30 keV, 7% at 40 keV).

The results of EA measurements with TRoRi=focus are displayed in Fig. 16. The
situation looks very similar to that of MS286 (Sedt2.1), with an in-focus measurement
characterized by a much worse accuracy (6.5% at 18 keV)odtne liower count rate, but with
measured effective areas higher than those measured out-of-focus: timef&, values in-focus up
to 20 keV are consistent with the theoretical model assuming\b Aelevant change is observed
instead beyond this energy: at 30 keV the data match a 8 A altefar-focus exposures, while
around 40 keV the EA is close again to match a model with surfagghness close to 5-6 A.
Details regarding surface roughness, to be investigated albingnetrological measurements on
mirror samples, are expected to shed light on the interpretation of results.
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Measured
< PSPC
*  TRoPIC, in-focus, 20 kV
*  TRoPIC, in-focus, 35 kV
*  TRoPIC, in-focus, 50 kV

_______________________________________________________________________________________________________________________________________________

Effective area (sz)

5 10 15 20 25 30 35 40 45
Photon energy (keV)

Fig. 16: theon-axis effective areas for the MS291+295, as measured with the PSPC in mamadior
setup, and with TRoPIC in energy-dispersive satagyed from the in-focus exposures.

5.2.2. Off-axisEA

In Fig. 17 we plot the measured (within a few %) EA values ofMI$291+295 off-axis by 4
arcmin, in monochromatic setup. Like for the MS286 (Se&.2), the measured EA values match
well the predictions. Moreover, their values are almost unchangbdegpect to the EA on-axis.
The same comments apply for the measured EA at a 2 arcrraigffnot shown here. The low-
energy EA values at 5 arcmin off-axis are only slightlyfdev %) lower than the theoretical
estimate due to a small probable obstruction of the MS295 from ¢feeafdhe MS291, caused by
their mutual small misalignment (see Se2i3 and3) nearly along the off-axis tilt direction.
Probably such an obstruction would not have been seen with an off-axis at -5 arcmin.

; M8291+M8295‘ 4 arcmin off—axis |

1047, e . S A S S A e — 5
m\@\ Calculated models:  Measured:

=4 A (req.) o PSPC

Effective area (sz)

5 10 15 20 25 30 35 40 45 50
Photon energy (keV)

Fig. 17:4 arcmin off-axiseffective areas for the MS291+295, as measured with the PSPC in monochromatic
setup.
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5.3. HEW and W90

The HEW values of the two MS together exhibit qualitatively tmes behaviour of the MS286
below 10 keV (Tab. 9), even if the resulting HEW values are the cotidrinaf two focal spots
with different focal lengths. Also measurements at 2, 4, 5, arcnfiaxi were taken from the
exposurest the best-focus of the MS291+295 on-aXise W90 values at the same energy, as
measured with the PSPC, are reported in Tab. 10. Like for the MS286 43¢, the HEW and
W90 increases slowly with the photon energy as a consequence ofréesing relevance of the
XRS. Moving the source off-axis, indeed, the HEW are larger thame thiosxis only fory = 2
arcmin, then they decrease, though the increase of HEW isutliffdo detect due to the statistical
error. For the W90 the slow decrease starts at a 5 arcmin off-axis.

Tab. 9: on-axis and off-axis HEW(.3 arcsec) of the MS291+295 at low energies (ROI < 180 arcsec).

Cu-La Al-Ka Ag-La Ti-Ka Cr-Ka Fe-Ka Cu-Ka

HEW(@rese)  oskev) (L49kev) (2.98keV) (451kev) (540 (6.40keV) (8.05 keV)

on-axis 21.4 21.9 23.9 25.1 25.7 26.5 26.1
2 arcmin off-axis 21.6 21.6 23.6 25.8 26.0 26.7 26.9
4 arcmin off-axis 21.2 21.6 24.0 25.7 25.9 26.4 26.8
5 arcmin off-axis 20.8 20.8 22.9 25.0 25.0 25.2 25.7

We report the on-axis HEW measured with PSPC and TRoPIC (veithifO arcsec radius
ROI, see Sec#.3) at high energy in Fig. 18 and compare it with the HEW trends o886 and
of the whole EM#3 in Fig. 27. Notice that the increasing trend oHt¥/ at high energy isery
similar to that of the EM#2 [AD4], made of two shells from the same nedmdwith the same
HEW “bump” around 25 keV, and a quasi-stabilization at 40 arcsec be®%and 40 keV. One
should subtract, of course, the initial HEW at low energies, theiwwease for the EM#2 because of
the huge defocusing of the two sheltd € 8 cm). Nevertheless, in hard X-rays it is the X-ray
scattering that dominates the HEW and the defocusing becomes less important.

60 4 T MS291+295, on-axis HEW (over a 170 arcsec radius ROl
56 oo e e S N
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Fig. 18: on-axisHEW values for the MS291+295, as measured with the PSPC in monochreetapc
(circles) and in energy-dispersive setup with TRoPIC (triangles).
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Tab. 10: on-axis and off-axis W985(arcsec) of the MS291+295 at low energies (ROI < 180 arcsec).

Cu-La Al-Ka Ag-La Ti-Ka Cr-Ka Fe-Ka Cu-Ka

WO (@resee) g oskev) (L49kev) (298kev) (45lkev) (5.44W (6.40keV)  (8.05keV)

on-axis 112 117 123 132 134 129 128
2 arcmin off-axis 116 127 125 135 139 132 132
4 arcmin off-axis 126 130 157 142 143 140 143

5 arcmin off-axis 126 129 139 139 140 138 137
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6. Complete EM#3 optic (286+291+295)

6.1. The PSPC and TRoPIC views

The EM#3 (i.e. the three MSs together) has been tested in monochkrgwitti the PSPC) and
energy-dispersive setup (with TRoPIC) in-focus and intra-focusxisnaad off-axis also at high
energies. The images obtained in monochromatic setup (Fig. 19@r2Dfand those recorded in
energy-dispersive setup (Fig. 21 and Fig. 22) are very simithose of the MS286 (Seet.1) and

the MS291+295 (Sech.1). The in-focus images, in particular, exhibit a single focal spedning

that the three shells are well confocal, in spite of theirmiffefocal lengths. The HEW at 0.93 keV

iIs 20.4 arcsec intermediate between that of the MS286 and the MS291+295 (more HEW
measurements are reported in S6@). The OOF images exhibit a ring deformation in the upper
part, visible also in those of the MS291+295 (Fig. 12).

Fig. 19: theon-axisfocal spot of the EM#3 at 0.93 keV (the Gulibe), as seen by the PSPC. Logarithmic
colour scale. (left) in focus, (right), 32.9 cm intra-focal.

The X-ray source settings and integration times have been tleeussd for of the MS286
(Sect. 4.1) and the MS291+295 (Sedd.1). The count rate accuracy for measurements in
monochromatic mode is still 0.5%, with a few minutes integratioe.ti@nly for the out-of focus
measurement on-axis the 20 kV setup was replaced with a 27 kV one with a 2 mA curreBd@nd a
um thick Ti filter, because the 20 kV exposure was likely toesufiom pileup problems due to the
larger EA of the 3 shells together, with respect to the previsesc#n the 27 kV OOF setup, the
pileup can be estimated to be less than 0.5% over all TRoPIC fietdthe 20 kV infocus
exposures (2 mA anode current, 200 Ti filter), the experimental pileup occurrence is instead less
than 0.3 % over all the image (1% in the 9 central pixels).

All measurements in-focus and out-of focus were repeated at 35 k&0akd, on-axis and
with a 4 arcmin off-axis. In this way, we could probe the mukitaygsponse (in terms of EA and
HEW) also when the X-ray source was off-axis, and compare it with the tlsabreddelization.
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Fig. 20: 4 arcminoff-axis focal spot of the EM#3, as seen by the PSPC. Logarithmic colale. fame
direction of rotation as Fig. 6. (left) in focus at 0.93 keV (thelL@ line), (right), 32.9 cm intra-
focal at 8.045 keV (th€u-Ka line).

Fig. 21: on-axis focal spot of the EM#3 at seen by TRoPIC, with the X-rayceoirr 50 kV setup.
Logarithmic colour scale. (left) in focus, (right), 32.9 cm intra-focal.

Also for the whole EM#3 the off-axis images exhibit the saeadufres of the MS286 and
the MS291+295, reported in Fig. 6 and Fig. 13. The in-focus images at #h arfraxis (Fig. 20
and Fig. 22) are essentially symmetric also concerning thédisbn of scattered X-rays. The off-
axis, intra-focal images show a relevant enhancement of trefieén sectors located at the left,
due to the change of incidence angles over the mirror shells.
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Fig. 22: 4 arcmin off-axisfocal spot of the EM#3 at seen by TRoPIC, with the X-ray sours@ le¥ setup.
The direction of rotation is the same of Fig. 6. Logarithmic coloules¢keft) in focus, (right), 32.9
cm intra-focal.

6.2. Effective Areas

6.2.1. On-axisEA

18 EM#S on- a><|s over a 180 arcsec radlus ROI (TROPIC Qut Of Focus) rrrrr ;
16 _: : : Calculated models Measured I :
3 =4 A(required) G PSPC
143 c=8A TRoPIC, OOF, 27kV
= - ] c=12 A - TRoPIC, OOF, 35kV
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Fig. 23: the EA of the EM#8n-axis as measured in monochromatic setup with the PSPC and in energy-
dispersive setup with TRoPItom OOF exposures

Fig. 23 reports the on-axis effective area measured with tR€ BBmonochromatic setup and with
TROPIC in energy-dispersive setup, with the X-ray source at 27, 35/ ltage bias, obtained
from intra-focal measurements. The experimental data are uahragreement within the statistical
error (a few % for the PSPC, 3% at 18 keV, 2% at 30 keV, 6% at 40 keV).
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Like for the MS286 and MS291+295, the monochromatic measurements are in good
agreement with the theory as they lie on the predictions witi@nstatistical error, and did not
provide a particular guess concerning surface roughness. The leigly-@measurements also lie on
the predicted curves, in particular they seem to fit quite well the thesdretirve withc = 8 A from
17 keV on, while below this value they are more consistent with a higher roughness.

In general, for the 50 kV setup, we are missing 50% of the theahetrequired EA. In Fig.

24 we display a mosaic of 3 TRoPIC fields, showing, in addition tonthe-focal focal spot of the
EM#3 (Fig. 21, right), also the neighbouring regions, mapped moving TRoPICO2 mm
laterally. This has been done to evaluate the amount of scatterisige the central field: in fact,
there is a non-negligible amount of scattered rays by th@mifthey are not seen if the shutters
are kept closed), as they represent together 5% of the count taeeOOF image in the upper-left
guadrant. This mearikat we are losing 20% of the effective area at 23 to 50 keV already in the
close vicinities of the central figlde., within the nearby 360 arcsec. Hence, a 50% effective overall
area loss due to XRS appears not so unlikely.

Fig. 24: a small mosaic of TRoPIC images around the intra-focal spgbedEM#3 in the 50 kV setup. The
two lateral fields were taken with ~1/2 integration time ansource intensity 3 times as large as
that of the focal image.

In-focus measurements (Fig. 25), in spite of the worse acc(#&idp at 30 keV), are more
compliant with a 8 A roughness (the green, solid line) over aletieegy range of measurement.
Such a roughness value is still higher than the tolerablecone (&) represented by the red, solid
line. Note that the effective area loss is still around 50% &e30 The in-focus measurements
with the source at 35 and 50 kV are almost unchanged with respect to the OOFg:a&3) (Fi
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oo MW TROPIC, infocus, 20 kV
: ‘ ‘ _+ TRoPIC. infocus, 35 KV
*  TRoPIC, infocus, 50 kV
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Fig. 25: the EA of the EM#3 on-axis, as measured in monochromatje wéh the PSPC and in energy-
dispersive setup with TRoPIC, in-focus.

6.2.2. Off-axisEA

The EA results of thd arcminoff-axis measurement of the EM#3 in monochromatic (PSPC) and
energy-dispersivéTRoPICin focu9 setup are plotted in Fig. 26. For the PSPC measurements, it
can be seen that, like for the MS286 (Sé@.2) and MS291+295 (Se&.2.2) separately, they lie

on the theoretical predictions to a very good approximaBetow 10 keVtheir values are almost
unchanged with respect to the corresponding on-axis EA values, anéppegr to be almost
unaffected by the roughness of the mirrors. Also in this casgilveot plot the EA below 10 keV

for a 2 or 5 arcmin off-axis because they are almost unchanged with resthexste at 4 arcmin.

EM#3 4 arcmln off-ams ;

16 G rrde S D RO SR o] :
1a 12T R Calculated mOdeIS'____Measured:
17 § g o PSPC
o d N c=8A . TRoPIC, infocus, 20 kV
. i | i ——a=12A . TRoPIC, infocus, 35 kV
10 4 i i } § .. * TRoPIC, in-focus, 50 kV

Effective area (cm’)

5 10 15 20 25 30 35 40 45
Photon energy (keV)

Fig. 26: the EA of the EM#8 arcmin off-axis, in-focusas measured in monochromatic setup with the
PSPC and in energy-dispersive setup with TRoRi@ocus. The different measurements are in
mutual agreement within the statistical error and comply thertial model with a 8 A surface
roughness.
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Beyond 10 keVthe situation changes, as it appears from TRoOPIC data. The EA is
completely different from the on-axis one (Fig. 25), with smootlefidatance features because of
the variation of the incidence angles over the mirror surfé@est.@.3). E.g., at 1517 keV the EA
is higher on-axis, but at 285 keV it is higher when the source is 4 arcmin off-axis. Neveskel
it is fully compliant with the theoretical modassuming a = 8 A, like the on-axis case (Sect.
6.2.1). This is another confirmation of the correctness of the multiyecture assumption (Sect.
2.2).

6.3. HEW and W90

We report in Tab. 11 the low-energy measurements of the HEW for the EM#3, on-axis-axid,off
in monochromatic setup. Similar comments as for the MS286 (£&8tand MS291+295 (Sect.
5.3) apply. Due to the small difference between the best fabed#1S286 or MS291+295 and that
of the EM#3 £ 1 cm), the HEW at 0.93 keV, on-axis, is intermediate betweewtne20.4 arcsec.
It is closer, indeed, to that of the MS291+295 because they have amiEAhan twice as large as
that of the MS286 (see also Fig. 27 and Fig. 28). The HEW slowlgases with photon energy
and off-axis up to 4 arcmin, then it starts to decrease.

The W90 values of the EM#3, measured in monochromatic setup, aradigtad. 12. The
values are intermediate between those of the MS286 (Tab. 8) aredaththee MS291+295 (Tab.
10)Tab. 10: on-axis and off-axis W985(arcsec) of the MS291+295 at low energies (ROI < 180 arcsec).
Also in this case we see an increase of the W90 with the photon energy and withattie offto 4
arcmin, followed by a decrease at 5 arcmin.

Tab. 11: on-axis and off-axis HEWW(Q(3 arcsec) of the EM#3 at low energies (ROI < 180 arcsec).

Cu-La Al-Ka Ag-La Ti-Ka Cr-Ka Fe-Ka Cu-Ka

HEW (arcsec) (0.93keV) (1.49keV) (2.98keV) (4.51keV) (5.44\ (6.40keV) (8.05 keV)

on-axis 20.4 21.0 22.7 24.4 25.0 25.1 25.6
2 arcmin off-axis 20.4 21.3 23.1 24.6 25.2 25.0 25.7
4 arcmin off-axis 21.3 21.6 23.1 24.7 25.3 26.5 26.4
5 arcmin off-axis 20.0 20.9 22.9 25.4 24.8 25.1 25.4

Tab. 12: on-axis and off-axis W984(arcsec) of the EM#3 at low energies (ROI < 180 arcsec).

Cu-La Al-Ka Ag-La Ti-Ka Cr-Ka Fe-Ka Cu-Ka

W0 (Aresee)  o3kev) (L49kev) (2.98keV) (451kev) (544N (6.40keV) (8.05 kev)

on-axis 102 111 113 121 127 125 128
2 arcmin off-axis 108 113 121 130 130 127 128
4 arcmin off-axis 116 128 127 135 136 137 131

5 arcmin off-axis 108 125 128 132 134 131 130
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Fig. 27: comparison of then-axisHEW for the MS286, MS291+295, EM#3, as measured with the PSPC in
monochromatic setup, and with TRoPIC in energy-dispersive setup.

We report in Fig. 27 the on-axis HEW of the EM#3, as measured?8EC at low energies
and TRoPIC at high energy. We also over-plot the HEW trend of tHB&M&ect4.3) and those
of the MS291+295 (Sech.3), at the respective best fo&ect.3), in monochromatic (circles) and
energy-dispersive (triangles) setup.

The EM#3 has an intermediate behaviour between the MS286 and theS284M295 (the
latter is also very similar to the EM#2 in terms of HEW AP but it is always more similar to the
latter as the two mirrors have together a larger EA, soweght more in the overall HEW. All
HEW trends seemingly tend to “saturate” up to 20 keV, then starttease again. Oscillations in
the HEW are probably related to a modulation of the X-rayesoadt, by interference of scattered
X-rays by the interfaces in the multilayer. Note that th®286 is the best shell at low energies
(even if the performances of the other two are biased by a nigfedusing) but it becomes the
worst one at high energies, probably due to a higher roughness.

In Fig. 28 we summarize the HEW trend for the whole EM#3 with dliece 4 arcmin off-
axis, taken from the exposurasthe best-focus of the EM#3 on-axtsmonochromatic setup with
the PSPC (e.g. Fig. 20) and in polychromatic setup with TRoPYCRigy. 22). We also overplotted
the HEW trend of the MS296 and that of the pair MS291+295 in monochroretijc ®r a 4
arcmin off-axis. High energy data off-axis are available dolythe EM#3. It is remarkable,
comparing Fig. 27 and Fig. 28, that at high energies the HEW trehd &M#3 off-axis resembles
the on-axis one, with values falling in the same range, butsmibothed oscillationsThe same
smoothing was observed in the EA off-axis (S6@.2). This is expected if the undulations in the
HEW trend are caused by interference of scattered X-rayisei multilayer: the off-axis causes a
spread of the incidence angles on the MSs and shifts the positiorxmhanand minima in the
XRS diagrams of different sectors of the mirrors. Then therfarence features would be averaged
out more and more as the X-ray source moves off-axis; thisetle what is being observed in the
present case.
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Fig. 28: 4 arcmin off-axisHEW values for the MS286, MS291+295, EM#3, as measured with the PSPC in
monochromatic setup (circles) and for the EM#3 in energy-dispersidiep with TRoPIC
(triangles).
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7. Final remarks

The results reported in the present report highlighted positive aspketthe agreement between
the predicted and measured EA values at low energies, on-axis and off-axispaanaé points on
which future developments of the project should be focused:

v' A detailed study of the variation of focal lengths of mirrorllshigom the electroforming
stage to the multilayer coating. In particular the attention shioelldrawn on the stress
introduced by the multilayer coating.

v'Investigation of the surface roughness evolution at each step ofrtbe shell production,
in order to identify with certainty the XRS as the causéhefHEW degradation and the
EA loss at high energies. The study should also be able to rexyai different
performances, in terms of EA, of the in-focus and out-of focus mezasamts in hard X-
rays. Moreover, it should also identify the production stage resporfsibloughness
degradation and to suggest how to correct it, in order to fulfill ithaging quality
requirements for SIMBOL-X.



