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A hard X-ray telescope was successfully produced for balloon observations
by making use of depth-graded multilayers, or so called supermirrors, with
platinum-carbon (Pt/C) layer pairs. It consists of four quadrant units
assembled in an optical configuration with a diameter of 40 c¢cm and a
focal length of 8 m. Each quadrant is made of 510 pieces of coaxially and
confocally aligned supermirrors which significantly enhance the sensitivity
in the energy range of 20 — 40 keV. The configuration of the telescope is
similar to the X-ray telescope (XRT) on board ASTRO-E, but with the
longer focal length. The reflectivity of supermirrors is on the order of 40 % in
the energy range concerned at a grazing angle of 0.2 deg.. The effective area

2 at 30 keV. The angular resolution

of a fully assembled telescope is 50 c¢m
is 2.37 arcmin in half power diameter at 8.0 keV. The field of view is 12.6
arcmin in hard X-ray region somewhat depending on X-ray energies. These
characteristics are discussed taking into account figure errors of reflectors and
their optical alignment in the telescope assembly. This hard X-ray telescope

is unanimously afforded to the InFOCuS balloon experiment. (¢) 2002 Optical

Society of America
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1. Introduction

X-ray telescope on board the Finstein and ROSAT satellites have successfully carried out X-
ray imaging observations on a variety of astronomical objects in the soft X-ray region below
a few keV.12 The high-throughput X-ray telescopes on board the ASCA satellite® have made
it possible to expand the high-energy limit to 10 keV by employing tightly nested thin-foil
mirrors with grazing angles of 0.3 — 0.7 deg.. Subsequent further progress was made by the
Chandra and XMM-Newton satellites.*® However, they were not able to extend the high
energy limit further by the use of grazing incidence X-ray configurations. The application of
total external reflection for grazing incidence optics at higher energies becomes impractical,
due to the very long focal lengths necessary to achieve large collecting area. Consequently
observations in the hard X-ray region above 10 keV have been carried out by means of large
area non-imaging detectors or a combination of coded masks and position-sensitive detectors.
Their capability in angular resolution and background reduction are much behind focusing
telescopes by orders of magnitude.

Hard X-ray observations are important to investigate objects strongly obscured by the
absorption of neutral gas and non-thermal emissions from star-forming region, SNR, active
galactic nuclei (AGN), clusters of galaxies, and so on. The imaging observations with high
sensitivity have not yet been achieved in spite of those demands in astronomy.

The most promising development for hard X-ray telescopes is the use of Bragg reflec-
tion from periodic structures, complimenting total external reflection. Multilayers have the
advantage of enhancing reflectivity in a narrow energy band beyond the critical energy. To

broaden the sensitive energy band, multilayers stacked with graded periodic lengths (d), so



called supermirrors, are introduced.® At a fixed grazing angle, a gradual change of layer-pair
thickness shifts the peak energy to be enhanced, while the reflectivity depends on the num-
ber of layer pairs. After intensive studies,” a design method called the “block method” is
proposed, using multiple periodic Pt/C multilayers each with a different periodic thickness.
This method has the great advantages of minimizing the number of layer pairs and yielding
a flat response over a wide energy range. Yamashita et al® demonstrated the performance of
a hard X-ray focusing telescope using 10 sets of supermirrors designed by the block method.

InFOCpS (International Focusing Optics Collaboration for pCrab Sensitivity) is a col-
laboration between Nagoya University and NASA’s Goddard Space Flight Center (GSFC),
and will launch a series of balloon flights with multiple hard X-ray telescopes on board.
The first of these flights took place in July, 2001 at the National Science Balloon Facility
in Palestine, TX, with the first multilayer-based Wolter-I style X-ray telescope ever used
for astronomical imaging, and a new solid-state Cadmium Zinc Telluride (CdZnTe) pixel
detector? as the focal plane instrument. The aims of InFOCpuS are to observe the celestial
objects such as AGNs, SNRs, and clusters of galaxies in the hard X-ray band.

The first InNFOCuS mirror consists of 2040 Pt/C supermirror foils. The supermirror foils
produced at Nagoya University had the multilayer coating deposited on previously replicated
Pt-coated aluminum foils, while those produced at GSFC were directly replicated multilayers.
The foils were integrated into their quadrant housings at their respective institution, and
the four quadrants were mated together at GSFC. In this paper, we present the X-ray
characteristics of individual supermirrors and performance of the integrated quadrants that
were produced at Nagoya University. We describe the design of the optical system in Section

2 and the fabrication and the reflectivity measurements of supermirrors in Section 3. We



present the characterization of the supermirror hard X-ray telescope in Section 4 and discuss
their performance in comparison with the results of ray-tracing simulations in Section 5.
Finally we summarize the characteristics of the telescope and the developments for future

hard X-ray telescopes.

2. Design of the optical system

We have chosen the optical configuration of the hard X-ray telescope made of conical thin
foil mirrors (170 pm thickness) which is similar to the ASTRO-E XRT. This configuration is
suitable for the hard X-ray telescope which needs extremely small grazing incidence optics
with a large aperture efficiency. However the ASTRO-FE XRT has a focal length of 4.75 m
corresponding to grazing angles from 0.18 to 0.6 deg. which limits the sensitive energy region
to below 10 keV. The longer focal length of 8 meters will extend the energy range up to about
20 keV, while decreasing the grazing angles to 0.107 — 0.358 deg.. We have optimized the
design parameters for a diameter of 40 cm and a focal length of 8 m. In this configuration,
the number of nested mirror shells is 255 and the aperture efficiency is 55 %. In order to
enhance the sensitivity beyond 20 keV, we need to introduce supermirrors.

The lower energy limit of X-rays is defined to be 20 keV by the absorption in the residual
atmosphere at the balloon altitude of 40 km (~ 3 g/cm?). The upper limit of the energy
band is chosen to be 40 keV at the grazing angle of 0.36 deg., given by the minimum d of
a multilayer of 2.5 nm. Therefore, the energy band for the InFOCuS balloon experiment is
20 — 40 keV. In this section we describe the design of the supermirrors and telescope under

these conditions.



A. Design of supermirrors

The design of supermirrors used for a hard X-ray telescope has to satisfy many requirements,
such as (1) high reflectivity in the 20 — 40 keV band with the grazing angle of 0.107 — 0.358
deg. to get a large effective area for the telescope, (2) flat and broad energy response, and (3)
small number of layer pairs (/V) to shorten the time of the mass production process. After
intensive research of multilayers, we have selected a combination of platinum and carbon for
this purpose.!?:14

Figure 1 shows the calculated reflectivity of a Pt/C supermirror (thick solid curve)
at a grazing angle of 0.183 deg., as designed by the block method.® Platinum and carbon
are stacked as a top (vacuum side) and bottom (substrate side) layer within each layer,
respectively. Thin curves show the reflectivity of each multilayer block stacked with different
sets of d and N.

Broad peaks from left to right correspond to values of (dnm|, N) = (10.6, 1), (6.6, 2),
(5.9, 4), (4.9, 8), (4.3, 11), and (3.8, 15) stacked in order from the reflecting surface toward
the substrate. The total energy response of a supermirror is derived from a superposition of
reflectivities of individual multilayer blocks. The peak reflectivity of deeper blocks has to be
gradually increased to get flat response, because of attenuation by the upper blocks. For the
energy range concerned, values of d and N for each block are thus determined, so that the
reflectivity curve of each block is continuously connected to that of adjacent one without
gaps or unnecessary overlaps. Another key parameter is a thickness ratio I' of the heavy

element dg to d. The maximum reflectivity of the first order Bragg reflection is peaked for I'

around 0.5 and gradually decreases toward both sides. We have adopted I" = 0.4 to make use



of the first order Bragg reflection for the deepest five multilayers, whereas I' = 0.63 for the
outermost bilayer (10.6, 1) to get high reflectivity by total external reflection. The I" value of
the top block was determined by trading off between enhancing the total external reflection
and minimizing the attenuation for deeper multilayers. The most suitable thickness of Pt
layer (d x I') corresponds to the penetration depth (Z;,.) at the critical energy (£.) for a
fixed grazing angle. This results in the smooth connection of reflectivity between the Bragg

reflection and the total external reflection, as shown in Figure 1.

B. Design of the telescope

We have adopted the replication technique which was specially developed for the ASTRO-FE
XRT to transfer the smooth surface of a glass mandrel onto a thin aluminum foil substrate.
The replication technique is described by Soong et al.' and Serlemitsos et al..!* The design
uses two stage conical and coaxial mirror shells, which approximate the nested Wolter type
I optics. Figure 2 shows the fabricated supermirrors and a quadrant of the InFOCuS tele-
scope prepared by the Nagoya group. After the deposition of supermirrors on the thin foil
substrates, they were assembled into a mirror housing.

As we mentioned above, the grazing angles of 255 pieces of nested mirror shells range
from 0.107 to 0.358 deg.. These mirrors with different grazing angles are truncated into 13
different sets of supermirrors which are coated with identical design parameters within each
set. The grazing angles in each group vary by less than 10 % of the mean value. As such, we
can use the same block design for each foil in the group and still get a large effective area
for the full telescope without any reductions due to shifts in the Bragg peak positions.

Special care was taken to make use of total external reflection at small grazing angles.



The critical angle (0.) and E. is defined by the equation,

1

pli
E.[keV]’ (1)

1/2
0.[deg.] ~ 1.651 x (—)

A

where p [g/cm?] is the density of the surface material, f1 is the atomic scattering factor, A
is the atomic weight. So, for a grazing angle of 0.23 deg., the critical energy is E. = 20 keV.
In the design for the 1st to 10th group, a bilayer with the thickness of a platinum layer of
Z1 /e was additionally stacked on top of multilayers. Design parameters for all 13 groups are
shown in Table 1. Figure 1 corresponds to the calculated reflectivities of the 6th group.

The effective areas of all 13 groups of mirror shells are shown in Figure 3. The thick
curve indicates the sum of them, that is, the ideal total effective area of the full telescope.
The energy range covered by each group is somewhat different, but the 20 — 40 keV band
is fully covered by all groups. The contribution of each group to the total effective area is
almost equal in the region of interest. A total effective area of more than 100 ¢cm? in the 20
— 40 keV band is predicted.

Two quadrants were fabricated at Nagoya University and the other two at GSFC. The
reflectors were produced in two ways; (1) supermirror deposition by the Nagoya team onto
pre-replicated platinum foil substrates made by the GSFC team, and (2) direct replication
of supermirrors deposited onto glass mandrels by the GSFC team. The direct replication of
supermirrors is a newly developed technique by both groups.!®+!6 This paper focuses on the
fabrication and performance of the Nagoya quadrants. The characterization of the GSFC

quadrants will be presented by Berendse et al..!?



3. Fabrication and characterization of supermirrors
A. Deposition of supermirrors

Two sets of DC magnetron sputtering systems are used for the deposition on the inner
surfaces of cylindrical foil mirror substrates with radii of curvature of 60 — 200 mm and
height of 100 mm. One system is specially designed to deposit multilayers onto the inner
surfaces of conical mirror substrates.!* It has two 10 cm diameter disk-type targets facing
to each other, as shown in Figure 4. The argon plasma is confined in the cylindrical volume
between them, so that mirrors are free from the damage caused by plasmas. A mask is
mounted in front of the mirror substrate to control the flow of sputtered material and to
keep the thickness of deposited layers uniform across the surface of the foils to within 42
%. The deposition rates of platinum and carbon are 0.16 nm/sec and 0.06 nm/sec on the
surface of the substrate, respectively. The thickness is controlled by the rotation speed of
the substrate around the sputtering target.

Another DC sputtering system has two large planar targets (75 x 250 mm), one for
each material, which faces to the substrate (Figure 4). The non-uniformity along the vertical
and azimuthal directions of the substrate is 2.5 % and £5 %, respectively. The deposition
rates of platinum and carbon are 0.34 nm/sec and 0.12 nm/sec on the surface of substrate,
respectively. The thickness of layers is controlled by the deposition time incorporated with

shutter mechanism. The deposition for 1020 foils was completed within about 9 months.

B. Reflectivity measurements of supermirrors

We characterized each supermirror thus fabricated by measuring X-ray reflectivity as a func-

tion of grazing angles and energies with the X-ray beamline at Nagoya University. X-rays
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are produced by a conventional rotating anode X-ray tube, with a tungsten anode, and a
removable Ge(220) double crystal monochromator. X-rays are collimated to 0.1 x 1 mm?
for horizontal and vertical directions, respectively. The W-La; line (8.4 keV) is used for
monochromatic reflectivity vs. angle measurement. Continuum X-rays are used to measure
the broad band reflectivity at fixed grazing angles. The reflected beam intensity and spectra
are measured with a 3 x 3 x 2 mm thick CdZnTe solid-state detector, which has a detection
efficiency of almost 100 % in 10 — 100 keV range and an energy resolution of 3 % at 30 keV.

The surface of the foil mirror substrate is replicated from smooth glass mandrels with
surface roughness less than 0.5 nm. Also the interfacial roughness of layer pairs significantly
reduces the reflectivity from the ideal, depending on the relative thickness of each layer pair,

d. The Debye-Waller (DW) factor is introduced to express the roughness (o) through this

paper. It is defined by the following equation;

R = Ryexp [— (%Tma)j , (2)

where R is the measured reflectivity, R is the ideal reflectivity, m is the order of Bragg
reflection. The DW factor can be obtained by comparing the measured reflectivity at the
Bragg peak with the ideal one.

Figure 5a through 5¢ show examples of measured reflectivity of supermirrors of group 3,
7, and 11 mentioned in Table 1. Those measurements are done with the continuum X-rays in
a broad energy band. The reflectivity in the 20 — 40 keV region is shown to be more than 40
% at grazing angles less than 0.2 deg.. At grazing angles of about 0.3 deg., the reflectivities
are reduced, but are still more than 20 %. While the broad band measurements are vital

to proving the performance of our supermirrors, the critical parameters of a supermirror
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are more clearly evaluated from the measurements of monochromatic reflectivity vs. angle.
Figure bd shows an example of the measured result of the 6th group with the angular scan
using the W-Lay line. The profile of the reflectivity fits well to the calculated one with
o ~ 0.4 nm. A quarter of all supermirrors were evaluated by this method. Several samples
of supermirrors were measured with monochromatized hard X-rays in 25 — 50 keV at a
synchrotron radiation facility.!” The roughness distribution is derived by the reflectivity
measurements and shown in Figure 6. Average o obtained during production was 0.38 +0.05
nm and 95 % of the measured data is within the range of 0.30 — 0.50 nm. This proves that
our fabricated supermirrors are of sufficient quality for use in a hard X-ray telescope in 20 —
40 keV band.

After completion of segmented 1020 foil mirrors, we have assembled them in quadrants

using the same techniques developed for the ASTRO-E XRT.*®

4. Evaluation of the telescope

The performance of X-ray telescopes with supermirrors installed is evaluated in terms of (1)
effective area, (2) field of view and (3) image quality (angular resolution). We performed
each of these measurements on each of the Nagoya quadrants with the X-ray beamline at

the Institute of Space and Astronautical Science (ISAS).

A. Measuring system

Continuum X-rays up to 50 keV are produced from the tungsten anode of the X-ray gen-
erator. The X-ray beam is collimated by a movable slit to 0.2 x 2.0 mm? in the horizontal

and vertical directions, respectively, yielding a beam divergence of 1.2 x 12 arcseconds. An
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Nal scintillation detector with a 25.4 mm diameter aperture and 17.3 % energy resolution
at 22 keV is used to collect the focused radiation. We cannot use the CdZnTe detector used
in the individual foil measurements, as it is smaller than the focused spot of a full quadrant.
To illuminate the entire aperture of a quadrant uniformly with the narrow pencil beam, we
perform raster scans of the X-ray beam by moving the telescope and detector synchronously.
Note that the beam width of 2 mm in the vertical direction is effective to reduce the number
of raster scans and hence speeds up the measuring process, while covering the entire geo-
metric area of the quadrant. As noted above, the beam divergence in the vertical direction
is 12 arcseconds, and does not contribute significantly to the measurement of effective area.
Further details of the beamline system at ISAS, and the measuring methods for telescopes
are described by Kunieda et al.'® and Shibata et al..?°

Our measuring method is similar to the case of ASTRO-FE XRT, except for the X-ray
energies, the focal plane detector and its focal length. In the ASTRO-E case, the focal
plane detector was placed at its focal length (4.5/4.75 m) away from the telescope. In this
experiment, while the focal length of the mirror is 8 m, the focal plane detector was placed
4 m away from the mirror, due to the physical constraints of our vacuum chambers. To
compensate, we move the detector at half the speed of the mirror during scans. Placing the
detector at only half the the focal length does yield an image twice as large as that at the

nominal focal plane, but this effect can be compensated for during data processing.
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B. Measurement of Quadrants

1. Effective area

In Figure 7, open circles show the measured value of a quadrant multiplied by a factor of
4 to estimate the effective area of a full telescope. The dashed line and solid line show the
calculated, ideal effective area with interfacial roughness of 0.0 nm and 0.38 nm. The latter
value is the average value obtained by the reflectivity measurements mentioned in Section 3.
The effective areas are estimated to be 66, 50 and 27 cm? at 20, 30 and 40 keV, respectively.
Those values are smaller than the nominal by 34, 37 and 44 %, respectively. The reasons for

those reductions are discussed in Section 5.

2.  Field of view

We measured the angular response of the effective area (vignetting function) which is ex-
pressed as a function of off-axis angles. The vignetting function fits well to a Lorentzian
curve and the FWHM is used to define the field of view. We measured the angular response
in the sensitive (61) and insensitive (62) directions of each quadrant (See Figure 8c). Figure
8a and 8b show the vignetting function at 20, 30 and 40 keV for both directions. For the
sensitive and insensitive directions, the field of view is 6.5 and 24.5 arcmin, respectively, and
shows a weak dependence on X-ray energies. The angular response of the full telescope is
the sum of responses for the two directions. The field of view of the full telescope is derived

to be 12.6 arcmin in hard X-ray region.
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3. Image quality

We also measured the intensity distribution with Cu-Ka; X-ray line (8.04 keV) in the on-axis
direction of the telescope. An X-ray CCD camera (the window size of 25.4 x 25.4 mm) was
used as the focal plane detector. The beam size was set to 0.5 x 0.5 mm?, yielding a beam
divergence is 3.4 arcsec. This is small enough to obtain an accurate half power diameter
(HPD), without having to compensate for the beam divergence. The top panel of Figure 9 is
a contour map of a quadrant on a logarithmic scale. The bottom panel shows the encircled
energy function (EEF) which is the fraction of photons within a circle centered at the peak
of the distribution. From this, we see that the angular resolution is 2.37 arcmin, HPD.

We also measured the effective area at 8.04 keV with Nal scintillation detector and a
proportional counter. The effective areas are consistent with each other among those taken
with three detectors. The effective area at 8.04 keV is estimated to be 333 cm? for the full

telescope. This area is smaller than the ideal value by a factor of 29 %.

5. Discussion

A. Effective areas

As shown in Figure 7, the measured effective area is 71 % at 8.04 keV and 63 % at 30 keV
relative to the nominal. The nominal values are derived from the product of the geometric
area and the reflectivity of each supermirror with an average interfacial roughness of 0.38 nm.
To investigate the reasons for this loss, we performed detailed reflectivity measurements of
each pair of reflectors aligned in the optical configuration. The Cu-Ka; beam was collimated
to 0.05 x 4.0 mm? in the horizontal and vertical directions, respectively. The beam size is

much smaller than the projected width of each reflector, so we can measure the reflectivity in
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the central part of each pair of foils. When the beam illuminates the edges of either foil, some
photons are lost due to misalignment and slope errors. The beam spot is stepped in 0.05 mm
increments along the radial direction of the quadrant, stopping for a 3 second exposure at
each position. By comparing the total reflected intensity at each step with that of incident
beam, we can map the local variation of the relative effective area.

Figure 10 shows the results of this measurement. The number of reflected photons ex-
pected from ideal shells is shown by the dashed line. Although the peak counts for each
reflector is close to the ideal, the regions where each foil reflects well is somewhat narrower.
As the radius and grazing angles become smaller, the peak counts significantly deviate from
the expected values and the region of good reflection becomes much narrower. This result
shows that photons are lost mostly at the edges of foils. We believe that due to figure errors,
misalignment and shadowing by adjacent foils are the primary causes of the reduction seen
above.

We found that the fractional loss of the effective area is 21 % in the local scanning
measurement. This is still smaller than the reduction of 29 % reduction found in the raster
scan of the full quadrant at 8.04 keV. This discrepancy is explained by large distortion at
the azimuthal ends of each foil, where the fractional loss is found to be 40 %.

We performed a ray tracing simulation of the effective area taking into account figure
errors of thin-foil mirrors and misalignment of assembled foils using scattering parameters
derived during calibration of the ASTRO-E XRTs. Misalignment of foils is caused by the free
play of foils in the support grooves. Foils with a 170 um thickness can move in the alignment
grooves by + 13.2 pum, yielding a variation in on-axis incident angle of as much as 0.9 arcmin.

On the other hand, figure errors in the reflecting surfaces can also cause fluctuation of the
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local incident angles along each foil. This was evaluated by measuring the reflected X-ray
beam profile as a function of scattering angle (6s). The scattering profile (I(6s)) can be
expressed by a combination of Gaussian, exponential and Lorentzian functions,

Nlo

(%)
Olo

2
20'gau Ocap

1(05) = Nyau exp (— 0 ) + Neap €Xp <— 6| ) +
1+
The best fit parameters are summarized in Table 2.

Taking into account these errors, the result of this ray tracing simulation is plotted with
solid squares at 20, 30 and 40 keV in Figure 7. It turns out that the contributions of the
figure error and misalignment to the reduction in effective area are 20 % and 11 % at 8 keV,
and 22 % and 15 % at 30 keV, respectively. The simulated data points are consistent with
the measured effective area at lower energies. Only the value at 40 keV is a little larger than
the measured data. Since the energy response of supermirrors steeply drops at around 40
keV, this difference can be explained by the 5 % deviations in the layer-pair thickness of the
supermirror coatings, as mentioned in Section 3.A.

The reduction factor of the effective area at 8.0 keV is 29 % compared with 20 % for
ASTRO-E XRT. This is caused by the fact that our telescope has smaller grazing angles
(0.1 — 0.35 deg.) than those of ASTRO-E XRT (0.18 — 0.6 deg.). At the smallest grazing

angles (0.1 — 0.18 deg.), figure and alignment errors cause the largest reduction of 44 %, as

indicated by the ray trace results and the local reflectivity measurements in Figure 10.

B. Image quality

In the conical approximation to the Wolter-I geometry, we approximate the hyperboloid and
paraboloid surfaces by a conical shape. Due to this approximation, the image of a point-like
X-ray source located at infinity has a minimum size of 22 arcsec, HPD. However, this does
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not significantly contribute to the measured angular resolution of 2.37 arcmin, HPD.

The mirror substrates were fabricated with the replication method, and then supermir-
rors were deposited onto the surface. According to the calibration of ASTRO-E XRT, the
measured angular resolution of a fully assembled mirror is typically about 2 arcmin, HPD,
which is consistent with the results of quadrants of our hard X-ray telescope. This result
means that the deposition of supermirrors doesn’t significantly affect the image quality .

The measurement of the image quality of the InNFOCuS quadrant was carried out with
only soft X-rays (8.04 keV). In the previous experiment,® a PSF (point spread function) of
the central core in the soft X-ray band was not different from that in hard energy bands,
though the scattering tails were slightly higher for hard X-rays. The angular resolution in
hard X-rays was larger than that in soft X-rays by about 20 %. Thus, the angular resolution
of the InFOCuS mirror in the hard X-ray band is expected to be about 2.8 arcmin. The hard

X-ray image quality will be confirmed by post-flight calibration.

6. Summary

The InFOCuS hard X-ray telescope is fully assembled with platinum-carbon multilayer su-
permirrors. These supermirrors are designed with the block method to obtain a flat response
in the 20 — 40 keV band, while minimizing the number of layer pairs on each foil. The
platinum thickness of the outermost layer is tuned to the penetration depth at the grazing
angle and the critical energy where the supermirror is designed to maximize the contribution
from total external reflection. X-ray measurements of a sample of production supermirrors
confirm that the reflectivity is more than 40 % up to 40 keV at grazing angles of smaller

than 0.2 deg., while the reflectivity is at least 20 % up to a grazing angle of 0.3 deg.. The
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reduction rate of these measured reflectivity to ideal values can be attributed to the average
interfacial roughness of 0.38 4+ 0.05 nm.

We carried out effective area, field of view and image quality measurements of quadrants
of the supermirror hard X-ray telescope at the ISAS 30 m beamline. The effective area is 66,
50 and 27 cm? at 20, 30 and 40 keV, respectively. The field of view is 12.6 arcmin in hard
X-ray region and the angular resolution is 2.37 arcmin at Cu-Kap (8.04 keV). The reduction
of effective area of 30 — 44 % from the designed value is explained by figure errors of reflector
surfaces and misalignment of each reflector based on modeling of the ASTRO-E XRT.

Further improvements in effective area and image quality will be made by improving the
foil figure and the accuracy of reflector alignment. We also plan to improve the interfacial
roughness to better than 0.30 nm to provide higher reflectivity, as future hard X-ray missions

are being designed for an energy band up to and beyond 100 keV.
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Fig. 1. Calculated reflectivity of the 6th group of supermirrors (thick solid line) at
a grazing angle of 0.183 deg.. Six multilayers (thin lines) are stacked successively
and on top of them a thick platinum layer is deposited to provide total external
reflection up to 55 keV. The parameters of each block are presented in Table 1 as

the 6th group supermirror.

Fig. 2. Fabricated supermirrors 2a and a quadrant 2b of the InFOCuS telescope
prepared by Nagoya group. The total number of supermirrors is 1020 for two quad-
rants. Radii of thin foil mirrors range from 60 mm to 200 mm and their height and
thickness are 100 mm and 170 pm, respectively. Supermirrors are assembled into a
housing, following the Wolter type I configuration. The height of the housing is 230
mm, and the outer radius is 220 mm. Assembled supermirrors are seen on the top

of the housing.
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Fig. 3. Effective areas of each mirror group (thin lines) and of a full telescope (thick
solid line). Among the 13 groups, the inner 10 groups have an outermost platinum
layer as thick as the 1/e penetration depth of X-rays at the designated energy for
each foil, and their effective areas have a smooth continuation to lower energy. The
outer three groups have a dip at 15 keV, since total external reflection by a single
platinum layer is no longer effective. All groups show almost the same effective area

in 20 — 40 keV band.

Fig. 4. Schematic view of the DC magnetron sputtering system. The Left figure shows
the sputtering system which has two disk-type sputtering targets facing each other.
An argon plasma is created between the two targets, and substrates rotate around
the sputter sources during deposition. The right figure shows another sputtering

system which has a linear sputter target facing a fixed substrate.

Fig. 5. Measured reflectivity of supermirrors (dots with error bars) deposited on
pre-replicated foil substrates. Figures ba — 5c¢ show the reflectivity vs. energy at
grazing angles of 0.138, 0.190 and 0.295 deg., respectively. Overlaid dashed lines
show the best fitted reflectivity curve with parameters of 3rd, 7th and 11th group in
Table 1 and interfacial roughness of 0.35, 0.40 and 0.43 nm (DW), respectively. The
calculation includes the CdZnTe detector response, which has an energy resolution of
3 % at 30 keV. Figure 5d shows the reflectivity of a 6th group supermirror measured
at 8.4 keV (W-Lay). The overlaid curve is calculated with an interfacial roughness

of 0.45 nm (DW). The parameters are summarized in Table 1.
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Fig. 6. Histogram of the distribution of the interfacial roughness of fabricated su-
permirrors derived from the measurements of the reflectivity of 250 production su-

permirrors. The average value of the interfacial roughness is 0.38 4+ 0.05 nm.

Fig. 7. On-axis effective area of the full X-ray telescope. Open circles show the
measured effective area of one quadrant multiplied by a factor of 4. The dashed and
solid curves show the calculated values with interfacial roughnesses of 0 nm and
0.38 nm, respectively. The measured effective area is lower than the calculation by
about 40 %. Squares show the results of ray-tracing simulation with the interfacial
roughness of 0.38 nm. This model calculation method was developed for the ASTRO-

E XRT calibration including alignment and surface figure errors.

Fig. 8. Vignetting functions of a quadrant measured with hard X-rays. The squares,
triangles, and circles present the data at 20, 30, and 40 keV, respectively. Figures
8a and 8b show the sensitive (1) and insensitive (62) directions, respectively. Solid
lines are Lorentzian functions fitted to the measured data. The FWHM of each
function for the sensitive direction is 7.7, 6.5, and 5.2 arcmin for 20, 30, and 40
keV, respectively. For the insensitive direction, the FWHM is 25.8, 24.4, and 23.2
arcmin for 20, 30, and 40 keV, respectively. Figure 8c shows a schematic view of the

configuration for off-axis measurements.
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Fig. 9. On-axis look-down image (top) and Encircled Energy Function (EEF, bot-
tom) of a quadrant, measured at Cu-Kay (8.04 keV) with a beam size of 0.5 x 0.5
mm?. The contours in the left plot are drawn on logarithmic scale. The large distor-
tion of the image is primarily caused by the edge shape of mirror shells. The EEF
is derived by counting the number of photons within a circle of arbitrary radius,

compared to the total number of photons in a 10 arcmin radius.

Fig. 10. Results of local reflectivity measurements. Abscissa; radial position of the
beam. Ordinate; number of reflected photons with 3-sec-exposure at every stop.
Data for inner, middle and outer reflectors are shown in panels from the top to the
bottom. Dots with error bars are the data points, and dashed lines are the expected
number of photons for ideal foil. The loss of effective areas is 46, 23 and 15 % from

the top figure to the bottom, respectively.
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Figure 2b, T. Okajima et. al.
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Table 1. The list of parameters of each group of supermirror. Each line in the 4th

column present parameters of stacked multilayers in order from the reflecting surface

toward the substrate.

group grazing angles [deg.] Niotor (d[nm|, N, T') (If T' is not shown, I' = 0.4.)
1 0.105-0.125 25 (13.0,1,0.6),(8.0,1),(7.1,3),(6.3.4),(5.8.6),(5.0,10)
2 0.125-0.131 25 (13.0,1,0.6),(8.0,1),(7.1.3),(6.3,4),(5.8,6),(5.0,10)
3 0.131-0.144 25 (13.0,1,0.6),(8.0,1),(7.1,3),(6.3,4),(5.8,6),(5.0,10)
4 0.144-0.158 38 (12.0,1,0.6),(7.1,3),(6.0,5),(5.3,7),(4.9,10),(4.3,12)
5 0.158-0.174 38 (12.0,1,0.6),(7.1,3),(6.0,5),(5.3,7),(4.9,10),(4.3,12)
6 0.174-0.192 41 (10.6,1,0.63),(6.6,2),(5.9.4),(4.9.8),(4.3,11),(3.8,15)
7 0.192-0.210 41 (10.6,1,0.63),(6.6,1),(6.0,4),(5.1,7),(4.5,8),(4.0,9),(3.6,11)
8 0.210-0.232 40 (9.3.1.0.59),(6.3,1),(5.6,3).(5.0,5),(4.5,7),(4.0,10),(3.5,13)
9 0.232-0.256 50 (8.3.1,0.54),(6.3,1),(5.2.,5).(4.5,7),(3.9,10),(3.5,12),(3.2,14)
10 0.256-0.281 50 (7.4,1,0.57),(5.4,1),(4.8,3),(4.3.4),(4.0,5),(3.7.8),(3.4,10),(3.1,18)
11 0.281-0.308 63 (5.8,2),(4.5,5),(3.8,8).(3.4,12),(3.1,16),(2.9,20)
12 0.308-0.339 63 (5.82),(4.5,5),(3.8,8).(3.4,12),(3.1,16),(2.9,20)
13 0.339-0.356 65  (5.2,3),(4.2,6),(3.7,8).(3.4,10),(3.1,16),(2.9,22)
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Table 2. Best fit parameters of reflected X-ray beam profile model

function parameters
Gaussian Nyou = 0.25 Ogau = 0.65
Exponential N, = 0.25 Oexp = 1.11

Lorentzian N, = 2.85 x 1073 o0y, = 2.50
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