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Abstract

We have developed multi-layer-supermirrors for imaging of high-energy X-rays. For example, the hard
X-ray telescopes (HXTs) to be on board ASTRO-H, the next international X-ray observatory, utilize these
supermirrors manufactured by our group, and the HXT can focus X-rays up to 80 keV.

Future X-ray missions with an X-ray calorimeter will enable high-precision spectroscopy for the Fe K
lines. However, a telescope with a large effective area is also required to obtain good photon statistics.
To obtain a large effective area with a limited focal length, X-ray mirrors which can reflect X-rays with a
large grazing angle is required.

Those mirrors for HXTs use platinum as a heavy element material for the multilayer hard X-ray
reflector. However, platinum has a large cross-section for absorption in low-energy X-rays and therefore
not ideal for X-rays below 10 keV. Thus we have designed new multilayers made of other elements such as
copper, nickel, and iridium for X-rays from 5.7 to 7.8 keV, including the Fe lines. Copper and nickel have
a smaller cross section for absorption, while iridium has a large scattering cross-section.
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1. Introduction

　 Future X-ray missions with an X-ray calorimeter will
enable high-precision spectroscopy. However, long expo-
sure time is required to obtain good photon statistics.
Therefore, an X-ray telescope with a large effective area
is required.

X-ray telescopes employ grazing-incidence optical sys-
tem (Wolter-I type) in order to use the total reflection
of X-ray. If a telescope reflects X-rays by a principle of
only the total reflection, a focal length will be long, since
X-rays with an incident angle larger than the critical an-
gle cannot be reflected. A telescope with a long focal
length requires a huge satellite. On the other hand, mir-
rors that entail Bragg reflection can reflect X-rays with
an incident angle larger than the critical angle. There-
fore, it is possible to construct an X-ray telescope of a
short focal length.

2. Multilayer-supermirror

2.1. Structure of multilayer-supermirror

　A multilayer is a stack of alternating thin layers. One
layer is made of a heavy element (Pt, Ir, Ni, Cu, ...) and
the other is made of a light element (C, Si, ...). The
multilayer can reflect X-rays by the principle of Bragg

reflection. A supermirror is a stack of multilayers of dif-
ferent layer thicknesses. The multilayer-supermirror can
reflect X-rays in a large energy band. We think a super-
mirror as a stack of blocks; a layer thickness is constant
within each block (Fig.1). To design a supermirror, pa-
rameters of each block are tuned. This method of the
design is called the block method. The free parameters
of each block are the layer thickness, the ratio of the
heavy element, and the number of the layers. The ra-
tio of heavy element was fixed to 0.5 for all blocks to
enhance the first Bragg peak.

Fig. 1. (Left) Schematic view of a multilayer supermirror. (Right)
Energy dependence of reflectivity of a supermirror. Reflectivity of
each layer is plotted as a color line.
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2.2. Selection of Heavy Elements for the Fe K lines

　 The index of refraction in the X-ray regime can be
expressed as n = 1 − δ − iβ, where δ and β are scatter-
ing and absorption terms, respectively. Elements such
as Pt and Ir have a large δ, but they also have a large
β. If a supermirrorr is made of such elements, the X-ray
reflectivity may not become large since these elements
can absorb X-rays near 6 keV. We have to take into ac-
count the absorption of X-rays to design a supermirror.
Thus we look for elements having a small β/δ a ratio,
and found nickel and copper as a candidate.
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Fig. 2. δ (left) and β/δ (right) for X-rays in the area near 6 keV.

3. Design of Multilayer-supermirror for the Fe K lines

　We designed multilayer supermirrors to enhance the
average reflectivity (hereafter AR) in the 5.7 to 7.8 keV
band with the block method. In our block method, we
assume that the Bragg peaks are distributed in evenly
spaced manner in the energy band from 5.7 to 7.8 keV.
Thus if we determine the number of blocks, the thickness
of a layer in each block is automatically set. Thus free
parameters are the number of blocks and the number of
layers in each block. These parameters were tuned to
obtain the largest AR.

3.1. Reflectivity curve (grazing angle = 0.8 and 1.3deg.)

　X-ray reflectivities of supermirrors are shown in Fig.3,
where the grazing angle of X-rays is set to 0.8 degree
(left panel) and 1.3 degree (right panel), respectively; if
a double-reflection telescope has a focal length of 6 m,
the mirrors at a radius of 30 cm and 50 cm have these
grazing angles, respectively.
Although large AR can be achieved in the 5.7 – 7.8 keV

band, the reflectivity shows complex energy dependence.
We will try to design a supermirror the reflectivity of
which has smooth energy dependence in future.

4. Making and evaluating of Cu/C multilayer

　We have produced multilayer mirrors made of copper
and carbon by a DC magnetron sputter system in our
laboratory. The reflectivity profile measured at an en-
ergy of 8.05 keV Cu−−Kα is shown in Fig.4, and the
measured profile shows that the interfacial roughness of
multilayer is 13Å. This interfacial roughness is so large to
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Fig. 3. X-ray reflectivity of Pt/C (black), Ir/C (green) and Cu/C (red)
supermirrors as a function of X-ray energy. The grazing angle is
0.8 deg (left) and 1.3 deg (right). The supermirror designed with
Ir and C has the largest AR at 0.8 deg, while the supermirror of
Cu and C has the largest AR at 1.3 deg.

obtain enough effective area. Although we tried to pro-
duce the multilayer with various sputtering conditions,
we were unable to improve the roughness. Also it was
impossible to achieve large reflectivity with such large
roughness (see right panel in Fig.4). We conclude that
the combination of copper and carbon is not ideal for
our purpose and have to look for other materials.

Fig. 4. X-ray reflectivity of Cu/C multilayer that we have made (left).
The reflectivities as a function of X-ray energy are shown in the
right panel assuming the roughness of 0 Å (black) and 13 Å (red).
The grazing angle is 1.3 deg.

5. Future work

• We will try to produce multilayer mirrors made of
Ir and C, and will measure the X-ray reflectivity.

• We will look for elements with small β/δ other than
copper. Nickel, or nickel-base alloys are candidates,
for example. Since nickel is a ferromagnetic mate-
rial, the DC sputter machine in our group cannot
be used to produce a multilayer of nickel. We will
look for nickel-based alloys without ferromagnetism
to use the DC sputter machine. Otherwise, we will
try an ion beam sputter machine.
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